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The a b i l i t y  o f  columbium t o  i n h i b i t  i n t e r g r a n u l a r  c o r ­
r o s i o n  i n  a u s t e n i t i c  s t a i n l e s s  s t e e l  c a s t i n g s  was i n v e s t i g a t e d .  
C a s t i n g s  d i f f e r  w i d e l y  from t h e i r  w rought  c o u n t e r - p a r t s .
T h ese  d i f f e r e n c e s ,  c a u s e d  by s o l i d i f i c a t i o n  phenomena,  would  
l o g i c a l l y  be e x p e c t e d  t o  p ro d u c e  d i f f e r e n c e s  i n  c o r r o s i o n  
b e h a v i o r .  C o r r o s i o n  b e h a v i o r  o f  f i v e  a u s t e n i t i c  s t a i n l e s s  
s t e e l  c a s t i n g s  t h a t  c o n t a i n e d  v a r y i n g  columbium a d d i t i o n s  and 
d i f f e r e n t  h e a t  t r e a t m e n t s  was d e t e r m i n e d  by a s t a n d a r d  t e s t ­
i n g  p r o c e d u r e .
R e s u l t s  i n d i c a t e  t h a t  columbium can i n h i b i t  i n t e r g r a n -  
u l a r  c o r r o s i o n .  However,  t h e  r e q u i r e d  a d d i t i o n  i s  i n  a 
v e r y  n a r r o w  c o m p o s i t i o n  r a n g e ;  t h e  ra n g e  c e n t e r s  a ro u n d  a 
15 t o  1 Cb/C r a t i o .  T h i s  r a t i o  i s  c o n s i d e r a b l y  h i g h e r  t h a n  
t h e  c u r r e n t l y  u s e d  8 t o  1 r a t i o .  Columbium a d d i t i o n s  t h a t  
y i e l d  a  s m a l l e r  r a t i o  r e s u l t  i n  u n d e r s t a b i l i z a t i o n ,  w h e re a s  
columbium a d d i t i o n s  o f  h i g h e r  r a t i o  w i l l  t e n d  t o  have  i n ­
c r e a s e d  c o r r o s i o n  r a t e s .
The chromium d e p l e t i o n  t h e o r y  has  been found  t o  e x p l a i n  
t h e  i n t e r g r a n u l a r  c o r r o s i o n  b e h a v i o r  up  t o  t h e  15 t o  1 r a t i o .  
P o s s i b l e  c o r r o s i o n  mechanisms t o  e x p l a i n  t h e  c o r r o s i o n  r a t e
i i i
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i n c r e a s e  above  t h i s  15 t o  1 r a t i o  h as  been s u g g e s t e d .
T h i s  i n v e s t i g a t i o n  has  s i g n i f i c a n c e  t o  f o u n d r y  p r a c t i c e .  
A p r o p e r  h o m o g e n i z a t io n  h e a t  t r e a t m e n t  i s  s t i l l  t h e  b e s t  
g u a r a n t e e  f o r  p r o t e c t i o n  o f  c a s t i n g s  a g a i n s t  i n t e r g r a n u l a r  
c o r r o s i o n .  F o u n d r i e s  must  m a i n t a i n  c l o s e  q u a l i t y  c o n t r o l  
on t h e  c h e m i s t r y  (columbium a s  w e l l  a s  c a r b o n )  i f  t h e  c o l ­
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The p o p u l a r i t y  and  u s a g e  o f  a u s t e n i t i c  s t a i n l e s s  s t e e l s  
h a s  grown s t e a d i l y  s i n c e  t h e i r  i n c e p t i o n  i n  t h e  e a r l y  1930*s 
and  c o n t i n u e s  t o  grow. A l l o y  dev e lo pm en t  on s t a i n l e s s  s t e e l s  
i s  s t i l l  i n  p r o g r e s s .  S t a i n l e s s  s t e e l s ,  whose p r i m a r y  u s a g e  
i s  b a s e d  on t h e i r  c o r r o s i o n  r e s i s t a n t  b e h a v i o r ,  must  a l s o  
e x h i b i t  a c c e p t a b l e  m e c h a n i c a l  and t h e r m a l  s t a b i l i t y  t o  be o f  u s e  
due t o  i n c r e a s i n g  i n d u s t r i a l  r e s t r i c t i o n s  and  e x p e c t a t i o n s .
W ith  t h e  demands on i n d u s t r i e s ,  e s p e c i a l l y  m e t a l l u r g i ­
c a l  and  m i n e r a l  p r o c e s s i n g  i n d u s t r i e s ,  t o  change  t h e i r  p r o ­
c e s s e s  due t o  p u b l i c  c o n c e r n  o f  a i r  and w a t e r  p o l l u t i o n ,  
much em p h a s i s  now i n v o l v e s  p r o c e s s  d e s i g n ,  o p t i m i z a t i o n ,  
and  c o n t r o l .  P r o p e r  m a t e r i a l s  s e l e c t i o n  i s  r e q u i r e d  i f  
t h e s e  new p r o c e s s e s  and  s y s te m s  a r e  t o  be c o n t a i n e d .  Aus­
t e n i t i c  s t a i n l e s s  s t e e l s  ( F e - C r - N i )  o f  many v a r i e t i e s  a r e  
b e i n g  p l a c e d  i n t o  s e r v i c e  f o r  t h e  most dem anding  e n v i r o n ­
m e n ts  ( i e .  a c i d s ,  a b r a s i v e s ,  and  h i g h  t e m p e r a t u r e  and  p r e s s u r e ) .  
Trem endous t o n n a g e s  o f  a u s t e n i t i c  s t a i n l e s s  s t e e l s  a r e  u t i l ­
i z e d  e a c h  y e a r  i n  v a r i o u s  s t r u c t u r e s ,  p r e s s u r e  v e s s e l s ,  
pumping s y s t e m s ,  c h e m i c a l  r e a c t o r s ,  and  a m y r ia d  o f  a s s o c i a t e d  
e q u i p m e n t .
The c o r r o s i o n  r e s i s t a n t  p r o p e r t i e s  o f  a u s t e n i t i c  s t a i n ­
l e s s  s t e e l s  a r e  due t o  f o r m a t i o n  o f  a t h i n  p r o t e c t i v e  ( p a s s i v e )
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f i l m  o f  o x id e  w h ich  s u c e s s f u l l y  k e e p s  a p a r t  t h e  two r e a g e n t s -  
a l l o y  and  t h e  c o r r o s i v e  s o l u t i o n .  I t  i s  e s s e n t i a l  t o  m a in ­
t a i n  t h i s  p r o t e c t i v e  f i l m  i n  v e r y  a g g r e s s i v e  e n v i r o n m e n t s  
i f  t h i s  a l l o y  i s  t o  be " s t a i n l e s s "  i n  s e r v i c e .  A u s t e n i t i c  
s t a i n l e s s  s t e e l  d e v e lo p m e n t  h a s  r e s u l t e d  i n  im proved  p r o ­
t e c t i v e  f i l m s  b u t  t h e i r  s t a b i l i t y  a l s o  demands p r o p e r  h e a t  
t r e a t m e n t .  A u s t e n i t i c  s t a i n l e s s  s t e e l s  e x p e r i e n c e  h e a t  t r e a t ­
ment d u r i n g  f a b r i c a t i o n  ( e g .  c a s t i n g ,  w e l d i n g ,  e t c . )  a s  w e l l
a s  s p e c i f i c  a n n e a l i n g  p r o c e d u r e s ,  such  a s  h o m o g e n i z a t io n
(1 2 3)and  s t a b i l i z a t i o n .  Im p ro p e r  h e a t  t r e a t m e n t  * * can  
r e s u l t  i n  e x c e s s i v e  chromium c a r b i d e  g row th  w h ich  d e p l e t e s  
t h e  s o l i d  s o l u t i o n  o f  t h e  e s s e n t i a l  chromium c o n c e n t r a t i o n  
l e v e l s  n e c e s s a r y  t o  m a i n t a i n  t h e i r  p r o t e c t i v e  (chrom ium - 
b a s e d )  o x i d e  f i l m .  Chromium d e p l e t i o n  and r e s u l t i n g  f i l m  
breakdown o c c u r  i n  t h e  r e g i o n  n e x t  t o  t h e  form ed chromium 
c a r b i d e .  T hese  chromium c a r b i d e  p r e c i p i t a t e s  n u c l e a t e  and  
grow m a i n l y  a t  t h e  a u s t e n i t i c  g r a i n  b o u n d a r i e s  and  l e a v e  n a r ­
row c h r o m i u m - d e p l e t e d  r e g i o n s  n e x t  t o  t h e  g r a i n  b o u n d a r i e s  
s u b j e c t  t o  c o r r o s i o n  a t t a c k .  T h i s  t y p e  o f  c o r r o s i o n  b e h a v ­
i o r  i s  c a l l e d  i n t e r g r a n u l a r  c o r r o s i o n  and  i s  r e s p o n s i b l e  f o r  
l o s s  o f  m e c h a n i c a l  i n t e g r i t y  and  i n  some i n s t a n c e s  f o r  c a t ­
a s t r o p h i c  f a i l u r e .  A l s o ,  t h i s  c o r r o s i o n  p r o c e s s  i s  r e s p o n ­
s i b l e  f o r  w e ld  d e c a y .
To c o n t r o l  c o r r o s i o n  b e h a v i o r  o f  a u s t e n i t i c  s t a i n l e s s  
s t e e l  i t  i s  n e c e s s a r y  t o  s u p p r e s s  t h e  n u c l e a t i o n  and  g row th  
o f  chromium c a r b i d e .  T h i s  h a s  been  a c c o m p l i s h e d  t o  a  c e r t a i n  
d e g r e e  by r e d u c i n g  t h e  c a r b o n  l e v e l s  ( a s  s e e n  i n  t h e  L and ELC 
g r a d e s  o f  s t a i n l e s s  s t e e l s ) ,  by p r o p e r  h e a t  t r e a t m e n t s  (homo­
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g e n i z a t i o n  and q u e n c h ) ,  and  by a l l o y i n g  a d d i t i o n s  t o  p ro d u c e  
s t a b l e  h i g h - t e m p e r a t u r e  c a r b i d e s  o t h e r  t h a n  chromium c a r b i d e .
CASTING INVESTIGATION
. . ( 4 , 3 , 6 , 7
P r i o r  c o r r o s i o n  work by a  number o f  i n v e s t i g a t o r s
h a s  been  p e r f o r m e d  p r i n c i p a l l y  on t h e  w rou g h t  form o f  a u s ­
t e n i t i c  s t a i n l e s s  s t e e l .  The e f f e c t  o f  a l l o y i n g  e l e m e n t s  
t o  r e d u c e  t h e  chromium d e p l e t i o n  h a s  been  r e p o r t e d ,  e s p e c i a l l y
/  a  n  /%  V
t i t a n i u m  a d d i t i o n s  t o  w ro u gh t  a u s t e n i t i c  s t e e l .
I n v e s t i g a t i o n s  o f  t h e s e  a l l o y i n g  e f f e c t s  on a u s t e n i t i c  s t a i n ­
l e s s  s t e e l  c a s t i n g s  have n o t  p ro d u c e d  r e s u l t s  w h ich  l e a d  t o  
a n y  d e g r e e  o f  p r e d i c t a b l e  c o r r o s i o n  b e h a v i o r .  T h i s  i s  n o t  
s u r p r i s i n g  c o n s i d e r i n g  t h e  h e t e r o g e n e o u s  n a t u r e  o f  c a s t i n g s  
and  t h e  d i f f i c u l t y  o f  c o r r e l a t i n g  t h e  c o r r o s i o n  b e h a v i o r  
w i t h  d i f f e r e n t  m i c r o s t r u c t u r e  and  c h e m ic a l  c o n s t i t u t i o n .
C a s t i n g s  have  much d i f f e r e n t  m i c r o s t r u c t u r e s  t h a n  t h e  
w ro ug h t  fo rm .  C a s t i n g s ,  w h ich  r a n g e  i n  s i z e  from r e l a t i v e l y  
s m a l l  o n e s  w e i g h in g  a  few o u n c e s  t o  t h o s e  w e i g h in g  s e v e r a l  
h u n d re d  p o u n d s ,  have  h e t e r o g e n e o u s  g r a i n  s i z e  and s t r u c t u r e ,  
and  e x p e r i e n c e  b o t h  m i c r o s e g r e g a t i o n  and m a c r o s e g r e g a t i o n .
T h i s  i s  t h e  r e s u l t  o f  s o l i d i f i c a t i o n  and f e e d i n g  d i f f e r e n c e s  
o f  c a s t i n g  g e o m e t r y .  A l s o ,  t h e  g e o m e try  o f  t h e  c a s t i n g  v e r y  
m a r k e d ly  i n f l u e n c e s  t h e  e f f i c i e n c y  and n a t u r e  o f  qu en ch  i n  
a n y  s e q u e n t i a l  h e a t  t r e a t m e n t .  Except  f o r  f i n i s h i n g  o p e r ­
a t i o n s ,  t h e  c a s t i n g s  a r e  i n  t h e  same molded s h a p e .  T h i s  
i s  e s p e c i a l l y  t r u e  where  i n t e r n a l  c a v i t i e s  a r e  p r e s e n t  due 
t o  c a s t i n g  d e s i g n . ^ ® )
S e g r e g a t i o n ^ - ^  can  e a s i l y  c a u s e  a  c o m p o s i t i o n  v a r i a t i o n
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o f  s e v e r a l  p e r c e n t  from p o i n t  t o  p o i n t  i n  t h e  c a s t i n g .  The 
m a jo r  c o n t r i b u t i o n  t o  t h i s  s e g r e g a t i o n  r e s u l t s  from t h e  c o n ­
s t i t u t i o n a l  u n d e r c o o l i n g  e x p e r i e n c e d  by t h e  a l l o y  c a s t i n g .  
C o n s t i t u t i o n a l  u n d e r c o o l i n g  r e s u l t s  from t h e  f a c t  t h a t  a l l o y s  
have  t w o - p h a s e  ( l i q u i d  and s o l i d )  r e g i o n s  t h r o u g h  w h ich  t h e  
dynam ic  p r o c e s s  o f  s o l i d i f i c a t i o n  must  p r o c e e d  t h r o u g h  on 
c o o l i n g .  U n o b t a i n a b l e  h o m o g e n i z a t io n  due t o  n e g l i g i b l e  d i f ­
f u s i o n  i n  t h e  s o l i d  and  t h e  i n c o m p l e t e  m ix in g  i n  t h e  l i q u i d  
a h e a d  o f  t h e  s o l i d - l i q u i d  i n t e r f a c e  i s  p a r t  o f  t h i s  dynamic  
p r o c e s s .  T h i s  u n d e r c o o l i n g  phenomenum r e s u l t s  i n  a  s t e a d y -  
s t a t e  s o l u t e  d i s t r i b u t i o n  i n  t h e  l i q u i d  a h e a d  o f  t h e  a d v a n c ­
i n g  s o l i d - l i q u i d  i n t e r f a c e ,  and  t h u s  p r o d u c e s  an  e q u i l i b -
(12 )r i u m - f r e e z i n g - t e m p e r a t u r e  d i s t r i b u t i o n  a h ea d  o f  t h e  i n t e r f a c e  
F i g u r e  1 ,  i l l u s t r a t e s  t h i s  phenomenon.  A lso  shown on F i g .  1 
a r e  v a r i o u s  t h e r m a l  g r a d i e n t s  i n  t h e  l i q u i d  p h a se  w h ich  d e ­
pend on t im e  and  p o s i t i o n  i n  t h e  m old .  T hese  t h e r m a l  g r a d ­
i e n t s  a r e  r e s p o n s i b l e  f o r  v a r i o u s  d e g r e e s  o f  u n d e r c o o l i n g ,
&T. w h ic h  i n f l u e n c e  t h e  s o l i d i f i c a t i o n  s t r u c t u r e s  and  c o n ­
s t i t u t i o n .  Such s t r u c t u r e s  and  c o n s t i t u t i o n a l  v a r i a t i o n  make 
i t  d i f f i c u l t  f o r  f o u n d r y  i n d u s t r i e s  t o  g u a r a n t e e  t h e  c o r r o ­
s i o n  b e h a v i o r  o f  t h e i r  c a s t i n g s .
The w ro ug h t  fo rm ,  by c o n t r a s t ,  h a s  a  much more homo­
g e n e o u s  s t r u c t u r e .  G r a i n - s i z e  v a r i a t i o n ,  c h e m i c a l  s e g r e ­
g a t i o n ,  and  p o r o s i t y  a r e  e l i m i n a t e d  by d r a s t i c  w o rk in g  and 
h e a t - t r e a t m e n t  p r o c e s s e s .  W ith  t h e s e  w i d e s p r e a d  d i f f e r e n c e s  
b e tw ee n  c a s t  and  w ro u gh t  fo rm s  i t  i s  a  l o g i c a l  a s s u m p t i o n  
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FIGURE I
EQUILIBRIUM FREEZING TEMPERATURE DISTRIBUTION 
AHEAD OF SO LID-L IQ UID  INTERFACE
OISTANCE FROM SOLID-LIQUID INTERFACE
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Wrought a l l o y  c o r r o s i o n  d a t a  s h o u ld  be u s e d  w i t h  c a u t i o n  i n  
p r e d i c t i n g  c o r r o s i o n  b e h a v i o r  o f  a l l o y  c a s t i n g s ,
SIGNIFICANCE OF INVESTIGATION
The a b i l i t y  o f  columbium t o  i n h i b i t  i n t e r g r a n u l a r  c o r ­
r o s i o n  h a s  been  q u e s t i o n e d  i n  a fo rm e r  i n v e s t i g a t i o n ^ ^ .
The u t i l i t y  and  optimum amount o f  columbium a d d i t i o n  h a s  
been  d e t e r m i n e d  n o t  so much from c o r r o s i o n  r e s e a r c h  b u t  by 
s u r v e y  o f  t h e  f o u n d r y  i n d u s t r y .  The amount o f  columbium 
a d d i t i o n  h a s  been  r e l a t e d  t o  t h e  c a rb o n  c o n t e n t  o f  t h e  s t a i n ­
l e s s  s t e e l  w hich  s u g g e s t s  an  8 Cb t o  1 C w e ig h t  r a t i o  f o r  
t h e  b e s t  s e r v i c e  l i f e .  A s u r v e y  o f  f o u n d r y  p r a c t i c e  h a s  
a l s o  d e t e r m i n e d  t h a t  t h e  8 t o  1 r a t i o  was v e r y  l o o s e l y  u s e d .
( lo )
F o r t y - s e v e n  d i f f e r e n t s  h e a t s  o f  CN-7MV J ' a u s t e n i t i c  s t a i n ­
l e s s  s t e e l  were  s e l e c t e d  a t  random from a t o t a l  o f  s e v en  
f o u n d r i e s .  The am ounts  o f  columbium a d d i t i o n  r a n g e d  frono 
0 . 4 8  t o  0 .9 8  p e r c e n t .  Upon t h e  b a s i s  o f  t h e  8 X C r e q u i r e ­
ment 22 o u t  o f  t h e  47 h e a t s  were  i n a d e q u a t e l y  s t a b i l i z e d  by 
t h e i r  columbium a d d i t i o n s .
Concern  was p l a c e d  upon  t h e  q u e s t i o n  o f  t h e  c o r r e c t  
amount o f  columbium t h a t  would  i n h i b i t  o r  ,!s t a b i l i z e ,, a u s ­
t e n i t i c  s t a i n l e s s  c a s t i n g s .  Could  t h e  optimum Cb a d d i t i o n  
be d e t e r m i n e d ?
THESIS OBJECTIVE
The o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  was t o  examine  t h e  
e f f e c t  o f  t h e  commonly u s e d  a l l o y i n g  a d d i t i o n ,  co lumbium, on 
t h e  i n t e r g r a n u l a r  c o r r o s i o n  b e h a v i o r  o f  a u s t e n i t i c  s t a i n l e s s  
s t e e l  c a s t i n g s ,  and  t o  d e t e r m i n e  t h e  optimum amount  f o r  b e s t
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i n h i b i t i n g  c n r r n s i n n  a t t a c k .
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INTERGRANULAR CORROSION THEORIES
I n t e r g r a n u l a r  c o r r o s i o n  i s  a  phenomenon t h a t  h a s  
p l a g u e d  t h e  u s a g e  o f  a u s t e n i t i c  s t a i n l e s s  s t e e l  e v e r  s i n c e  
i t s  d e v e lo p m e n t  i n  t h e  e a r l y  1 9 3 0 ' s .  The phenomenon h a s  
been  most  t h o r o u g h l y  i n v e s t i g a t e d ^  s i n c e  t h a t  t im e
and  even t o d a y  i n v e s t i g a t i o n s  c o n t i n u e .  Numerous t h e o r i e s  
have  been  d e v e l o p e d  c o n c e r n i n g  t h i s  phenomenon. A number o f  
t h e  more p r e d o m in a n t  o n e s  a r e  p r e s e n t e d  s o  a s  t o  show s p e c i ­
f i c  r e l a t i o n s h i p s  t o  t h i s  i n v e s t i g a t i o n .
CHROMIUM DEPLETION
D e v e lo ped  by Bain  e t  a l ^ ^  and S t r a u s s  e t  a l ^ “̂  i n  t h e  
e a r l y  1 9 3 0 ' s ,  t h i s  t h e o r y  h a s  g a in e d  a c c e p t a n c e  and even t o ­
d a y  much em p h a s i s  i s  p l a c e d  upon t h i s  t h e o r y .  C o n s e q u e n t l y ,  
i t  h a s  i n f l u e n c e d  much o f  t h e  l a t e r  d e v e l o p m e n t s .
The t h e o r y  c o n c e r n s  p r e c i p i t a t i o n  o f  chromium c a r b i d e s  
a t  and n e a r  t h e  g r a i n  b o u n d a r i e s  o f  t h e  a l l o y .  D e p l e t i o n  
o f  chromium t a k e s  p l a c e  i n  t h e s e  a r e a s  and  t h e  c o r r o s i o n  
r e s i s t a n c e ,  w h ich  i s  i m p a r t e d  by chromium, i s  no l o n g e r  a t  
t h e  l e v e l  t h a t  i t  was p r i o r  t o  t h e  c a r b i d e  p r e c i p i t a t i o n .  
Chromium c a r b i d e  p r e c i p i t a t i o n  t a k e s  p l a c e  when t h e  s t a i n ­
l e s s  s t e e l  i s  exp o sed  t o  a  t e m p e r a t u r e  r a n g e  o f  900 t o  1500F. 
Chromium u n i t e s  w i t h  a v a i l a b l e  c a r b o n  o f  t h e  s t e e l  and  form s
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t h e  complex  ( C r 2 3  Cg) c a r b i d e .  T h i s  r e d u c e s  t h e  chromium 
c o n c e n t r a t i o n  i n  s o l i d  s o l u t i o n  n e x t  t o  t h e s e  chromium c a r ­
b i d e s  and  r e s u l t s  i n  a l e s s  p r o t e c t i v e  o x i d e  f i l m .  The 
s t e e l  now i s  • ' s e n s i t i z e d ” and  i s  p ro n e  t o  i n t  e r g r a n u l a r  
a t t a c k .
Any h e a t  t r e a t m e n t  o r  t h e r m a l  e x p e r i e n c e  e n c o u n t e r e d  
by t h e  s t a i n l e s s  s t e e l  t h a t  p l a c e s  i t  i n  t h i s  t e m p e r a t u r e  
r a n g e  w i l l  s e n s i t i z e  t h e  s t e e l .  W eld ing  p r o c e d u r e s  o f t e n  
p l a c e  t h e  s t e e l  i n  t h e  s e n s i t i z i n g  r a n g e .  I n t e r g r a n u l a r  
c o r r o s i o n  f a i l u r e s  o f  t h i s  t y p e  a r e  l e g i o n .
Heat  t r e a t e d  i n  t h e  a u s t e n i t i z i n g - t e m p e r a t u r e  r a n g e
from 1450 t o  2250F h a s  t h e  e f f e c t  o f  d i s s o l v i n g  chromium
c a r b i d e s .  D i f f u s i o n  a f f e c t s  t h e  h o m o g e n i z a t io n  o f  t h e  chrom-
( 17)ium and  o t h e r  c o n s t i t u e n t s  o f  t h e  s t a i n l e s s  s t e e l  . A 
s u b s e q u e n t  d r a s t i c  w a t e r  q u e n c h  p r o d u c e s  a  r e t a i n e d  a u s t e n i t i c  
s t r u c t u r e  t h a t  i s  b a s i c a l l y  f r e e  o f  chromium c a r b i d e .  F i g ­
u r e  2 i l l u s t r a t e s  i n  t a b u l a r  form t h e  v a r i o u s  r e a c t i o n s  v s  
t e m p e r a t u r e  t h a t  t a k e  p l a c e  i n  a u s t e n i t i c  s t a i n l e s s  s t e e l .
M i t i g a t i o n  o f  Chromium C a r b id e  P r e c i p i t a t i o n :  M i n i ­
m i z a t i o n  o f  i n t e r g r a n u l a r  c o r r o s i o n  i s  t h e  o b j e c t i v e  o f  
s m a l l  a d d i t i o n s  o f  s t r o n g  c a r b i d e  f o r m e r s  t o  t h e  s t e e l s .
Th ese  e l e m e n t s  have  a  s t r o n g e r  a t t r a c t i o n  f o r  c a rb o n  t h a n  
chromium w h ich  i s  t h e  a l l o y i n g  e le m e n t  t h a t  i m p a r t s  m a jo r  
c o r r o s i o n - r e s i s t i n g  p r o p e r t i e s  i n  t h e  s t a i n l e s s  s t e e l .
They p r e f e r e n t i a l l y  combine w i t h  t h e  c a r b o n .  T h u s ,  chrom­
ium c o n t e n t  o f  t h e  s t a i n l e s s  s t e e l  i s  t h e o r e t i c a l l y  l e f t  
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FIGURE 2
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Z O N E
S E N S I T A T I O N  
Z O N E
* A F T E R  FONTAN A a  G R E E N  (16)
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t h e  a l l ^ y  i s no l i n g e r  p ro n e  t o  chromium d e p l e t i o n .  I t  has  
been  ns t a b i l i z e d 1*.
Columbium and t i t a n i u m  a d d i t i o n s  t o  c u r b  i n t e r £ r a n -  
u l e r  c o r r o s i o n  were  s p e c u l a t e d  by Bain  e t  a l ^  \  K i n z e l ^  ® 
a l s o  s p e c u l a t e d  t h a t  Cb and  T i  a d d i t i o n  c o u ld  t o t a l l y  e l i m ­
i n a t e  t h e  p ro b lem  o f  chromium c a r b i d e  p r e c i p i t a t i o n .
How much columbium o r  t i t a n i u m  a d d i t i o n  i s  r e q u i r e d  
f o r  s t a b i l i z a t i o n  i s  a  q u e s t i o n  t h a t  r e m a in s  u n a n s w e re d .
The amount o f  columbium n e ed e d  t o  t i e  up t h e  s t e e l ' s  c a r ­
bon c o n t e n t  s t o i c h i o m e t r i c a l l y  i s  shown by t h e  c h e m ic a l  f o r ­
m u la ,  CbC. T h i s  r e l a t i o n  p u t  i n t o  t h e  form o f  a w e ig h t  r a t i o  
i s :  Cb/C = 9 2 . 9 / 1 2  = 7 . 7 5 / 1 .  Minimum am ounts  o f  Cb r e ­
q u i r e d  t o  s t a b i l i z e  s t a i n l e s s  s t e e l  i s  p o p u l a r l y  p u t  a t  an 
8 t o  1 r a t i o .
( 1 9 )
Work by H eely  e t  a l  shows t h a t  n i t r o g e n  i n  t h e  s t e e l
d e p l e t e s  t h e  amount o f  columbium t h a t  i s  a v a i l a b l e  t o  s t a b i l ­
i z e  t h e  c a r b o n .  N i t r o g e n  u n i t e s  w i t h  columbium t o  form t h e  
n i t r i d e ,  CbN. A c c o r d in g  t o  R o se n b e rg  and D a r r ^ ^  t h e  amount 
o f  n i t r o g e n  a v a i l a b l e  t o  u n i t e  w i t h  Cb i s  a b o u t  h a l f  t h e  n i ­
t r o g e n  c o n t e n t  o f  t h e  s t e e l .  H ee ly*s  f i n d i n g s  show t h a t  a 
much g r e a t e r  amount o f  columbium i s  r e q u i r e d  t o  s t a b i l i z e  
due t o  t h e  p r e v a l e n c e  o f  n i t r o g e n  c o n t e n t .  His f i n d i n g s  have 
i n c r e a s e d  t h e  Cb-C r a t i o  t o  11:  1 .
C u r r e n t  f o u n d r y  p r a c t i c e  l i m i t s  columbium a d d i t i o n  i n  
a u s t e n i t i c  s t a i n l e s s  s t e e l  t o  8 X C, b u t  n o t  t o  e xceed  one 
p e r c e n t .  I n  many i n s t a n c e s  t h e s e  s t a i n l e s s  s t e e l s  a r e  u n d e r ­
s t a b i l i z e d  and a r e  p ro n e  t o  i n t e r g r a n u l a r  c o r r o s i o n  a t t a c k c
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CHROMIUM CARBIDE MORPHOLOGY and ELECTROCHEMICAL CORROSION
Many o f  t h e  i n v e s t i g a t o r s ^ “ ^9) Qf  i n t e r g r a n u l a r  c o r ­
r o s i o n  have  shown t h e  r o l e  o f  chromium c a r b i d e  may be more 
i n v o l v e d  t h a n  t h a t  d e s c r i b e d  i n  t h e  chromium d e p l e t i o n  t h e o r y .  
I t  was o n ly  i n e v i t a b l e  t h a t  i n v e s t i g a t o r s  s h o u l d  a t t e m p t  t o  
show some r e l a t i o n s h i p  b e tw ee n  i n t e r g r a n u l a r  c o r r o s i o n  and 
chromium c a r b i d e  m o rph o log y .  Developm ent  o f  t h e  e l e c t r o n  
m ic r o s c o p e  and t h e  more r e c e n t  t e c h n i q u e s  o f  u s a g e  o f  t h e
s c a n n i n g - e l e c t r o n  m ic r o s c o p e  and m ic ro p ro b e  h a s  done much
(4 , .2 1 ,2 2 )
t o w a rd  f o r m in g  morphology  t h e o r i e s  .<>
P a y s o n ^ - ^ ^ h a s  p ro p o s e d  t h a t  t h e  s i z e  and d i s t r i b u t i o n  
o f  t h e  p r e c i p i t a t e s  were  p r o b a b l y  t h e  main f a c t o r s  i n  t h e  
phenomenon o f  i n t e r g r a n u l a r  c o r r o s i o n .  G r a in  b o u n d a ry  a t ­
t a c k  d e p en d s  on t h e  p r e s e n c e  o f  c o n t i n u o u s  f i n e  p r e c i p i t a t e s .
( 2 4 )  ( 2 5 )S c h a f m e i s t e r  and  S t e f a n i d e s  have  s u g g e s t e d  t h a t
i n t e r g r a n u l a r  c o r r o s i o n  may be e x p l a i n e d  by l o c a l  e l e c t r o ­
c h e m i c a l  b e h a v i o r .  K i n z e l ^ ^  , a t  a l a t e r  p e r i o d ,  showed 
some r e l a t i o n s h i p s  b e tw een  chromium c a r b i d e  morphology  
and i n t e r g r a n u l a r  c o r r o s i o n .  A lso  he made some o b s e r v a t i o n s  
c o n c e r n i n g  t h e  e l e c t r o c h e m i c a l  n a t u r e  o f  t h e  chromium c a r b i d e s .  
Some o f  h i s  o b s e r v a t i o n s  a r e  q u o te d  a s  f o l l o w s :
- 1 2 -
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( a )  "Chromium c a r b i d e s  a r e  e s s e n t i a l l y  f l a t ,  i e c ,
t w o - d i m e n s i o n a l  i n  c h a r a c t e r  r a t h e r  t h a n  
t h r e e  d i m e n s i o n a l .  T h is  t w o - d i m e n s i o n a l  
c h a r a c t e r i s t i c  i s  c o n s i s t a n t  w i t h  o t h e r  o b ­
s e r v a t i o n s  t o  t h e  e f f e c t  t h a t  c h ro m iu m - c a r -  
b id e  p r e c i p i t a t i o n  t a k e s  p l a c e  l a r g e l y  a t  
g r a i n  and l a t t i c e  i n t e f a c e s . "
( b )  "Growth o f  chromium c a r b i d e s  i s  t e m p e r a t u r e
d e p e n d e n t . "
( c )  " P r e c i p i t a t e d  chromium c a r b i d e s  i n  a u s t e n i t i c
s t a i n l e s s  m a t r i x  do s e t  up  a p o t e n t i a l  a t  
i n t e r f a c e s  and  t h a t  t h i s  p o t e n t i a l  i s  o f  s u c h  
o r d e r  a s  t o  be a m a jo r  f a c t o r  i n  t h e  n a t u r e  
o f  c o r r o s i o n ! ’
S t i c k l e r  and  V i n k i e r ^  ^ ^ d id  some r e l a t e d  work on w rough t  304 
s t a i n l e s s  s t e e l  and  f o r  a l l  p r a c t i c a l  p u r p o s e s  c o n f i r m e d  
K i n z e l s  e a r l i e r  f i n d i n g s .  The f o l l o w i n g  q u o t a t i o n s  from S t i c k  
l e r  e t  a l * s  p u b l i c a t i o n  show t h e  c o r r e l a t i o n  w i t h  K i n z e l * s  
w o r k .
( a )  B We found  d u r i n g  t h e  c o u r s e  o f  an  i n v e s t i g a t i o n
o f  ( C r ,  F e ^ o  p r e c i p i t a t i o n  i n  304 a u s t e n i t i c  
s t a i n l e s s  s t e e l ,  h e a t  t r e a t e d  o v e r  a wide t e m ­
p e r a t u r e  and  t im e  r e g i o n ,  t h a t  t h e  m o rp h o lo g y  
and  d i s t r i b u t i o n  o f  t h e  p r e c i p i t a t e  was s t r o n g -  
t im e  and t e m p e r a t u r e  d e p e n d e n t . "
( b )  " Two f a c t o r s  c o n t r o l  t h e  i n t e r g r a n u l a r  c o r r o s i o n :
. t h e  l o c a l  a t t a c k  a ro u n d  c a r b i d e s  and  t h e  p e n ­
e t r a t i o n  a l o n g  g r a i n  b o u n d a r i e s .  The l o c a l  a t ­
t a c k  i s  g o v e rn e d  by an e l e c t r o c h e m i c a l  p r o c e s s  
b e tw een  t h e  more n o b l e  c a r b i d e  and  t h e  a d j a c e n t  
meta l ."
( c )  " P e n e t r a t i o n  o f  i n t e r g r a n u l a r  c o r r o s i o n  d e p en d s
e n t i r e l y  on t h e  m o rp h o lo g y  o f  t h e  g r a i n - b o u n d a r y  
c a r b i d e s .  The f i r s t  r e q u i r e m e n t  f o r  p e n e t r a t i o n  
i s  t h e  p r e s e n c e  o f  s h e e t s  o f  c o n n e c t e d  p a r t i c l e s  
on t h e  g r a i n  b o u n d a r i e s .  The e l e c t r o c h e m i c a l  
r e a c t i o n  can  e a s i l y  ad v an ce  from one p a r t i c l e  t o  
t h e  n e i g h b o r i n g  o n e .  The s e c o n d  r e q u i r e m e n t  
f o r  c o n t i n u o u s  p e n e t r a t i o n  i s  a s u f f i c i e n t  num­
b e r  o f  g r a i n s  e n v e lo p e d  w i t h  t h e s e  s h e e t s ,  so  
t h a t  t h e  c o r r o s i o n  can  p r o c e e d  from one g r a i n  
t o  t h e  n e x t . "
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THERMQDYNAMIC e q u i l i b r i a
R e c e n t l y  Tedmon, V e r m i l y e a ,  and  R o s o l o w s k i ^ ^ h a v e  shown 
t h a t  t h e  e q u i l i b r i u m  o f  t h e  C r - C - C ^ g C ^  s y s te m  i s  a s t r o n g  
f u n c t i o n  o f  t e m p e r a t u r e ,  c a r b o n ,  and a l l o y  c o n t e n t  o f  t h e  
s t e e l .  They f u r t h e r  s u g g e s t  t h a t  v a r i a t i o n s  i n  t h e  s u s c e p t i ­
b i l i t y  t o  i n t e r g r a n u l a r  a t t a c k  a r e  d e t e r m i n e d  by changes  
i n  t h e  e q u i l i b r i u m  chromium c o n t e n t  n e a r  t h e  c a r b i d e s  and 
n o t  by c h an g e s  i n  t h e  number and d i s t r i b u t i o n  o f  p a r t i c l e s .
They showed t h a t  above  800C t h e  chromium c o n t e n t  n e a r  t h e  
c a r b i d e s  i s  h i g h  enough t o  p r o d u c e  p a s s i v i t y ,  a n d  t h e  a l l o y  
i s  immune n o t  b e c a u s e  o f  t h e  a b s e n c e  o f  c a r b i d e s  bu t  b e c a u s e  
chromium d e p l e t i o n  i s  n o t  s e v e r e .
STRAIN THEORY .
S t r a i n  a s  a c o n t r i b u t i n g  f a c t o r  t o  s u s c e p t i b i l i t y  o f
(18 )i n t e r g r a n u l a r  c o r r o s i o n  i s  p r o p o s e d  by K i n z e l  . He o b ­
s e r v e d  t h a t  i n t e r g r a n u l a r  c o r r o s i o n  o f  s e n s i t i z e d  s t a i n l e s s  
s t e e l s  was a s s o c i a t e d  w i t h  " k n i f e  e d g e 11 a t t a c k  on one s i d e  
o f  t h e  c a r b i d e - a u s t e n i t e  i n t e r f a c e  and s p e c u l a t e d  t h a t  a 
h i g h l y  m e c h a n i c a l - s t r a i n e d  c o n d i t i o n  e x i s t e d  a t  t h e  c a r b i d e -  
a u s t e n i t e  i n t e r f a c e .  The d e g r e e  o f  s t r a i n  was r e l a t e d  t o
(27
o r i e n t a t i o n  t h a t  e x i s t s  be tw een  g r a i n s .  O th e r  i n v e s t i g a t o r s  5 
s u g g e s t  t h a t  s t r a i n  e n e r g y  a s s o c i a t e d  w i t h  g r a i n  b o u n d a r i e s  
p r o v i d e s  t h e  d r i v i n g  f o r c e  f o r  i n t e r g r a n u l a r  c o r r o s i o n .
IMPURITY ADSORPTION 
(29 )
Armjo has  s u g g e s t e d  t h a t  n o t  a l l  o f  t h e  i n t e r g r a n -  
u l a r  c o r r o s i o n  b e h a v i o r  o f  a u s t e n i t i c  s t a i n l e s s  s t e e l  i s  due t o
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chromium c a r b i d e  p r e c i p i t a t i o n ,  b u t  i s  a l s o  r e l a t e d  t o  t h e  
i m p u r i t y  a d s o r p t i o n  a t  t h e  g r a i n  b o u n d a r i e s .  Armjo b a se d  
h i s  c o n c l u s i o n s  on c o r r o s i o n  i n v e s t i g a t i o n s  o f  n o n - s e n s i t i z e d  
a u s t e n i t i c  s t a i n l e s s  s t e e l s .  " I n t e r g r a n u l a r  c o r r o s i o n  
p e r s i s t s  d e s p i t e  a d d i t i o n  o f  c a r b i d e  f o r m e r s ,  l o w e r i n g  o f  
c a r b o n  c o n t e n t s ,  o r  h i g h  t e m p e r a t u r e - s o l u t i o n  h e a t  t r e a t -
+ o i .<3 0 >m e n t s . 11
The t e r m  n o n - s e n s i t i z e d  i s  d e f i n e d  a s  a c o n d i t i o n  
w h e r e i n  t h e  a l l o y s  a r e  f r e e  o f  g r a i n - b o u n d a r y  p r e c i p i t a t e s .  
H i g h - t e m p e r a t u r e  s o l u t i o n  ( >  1900F) h e a t  t r e a t m e n t  and  d r a s t i c  
w a t e r  q u e n c h i n g  p ro d u c e  su c h  n o n - s e n s i t i z e d  s t r u c t u r e s .
The t h e o r y  o f  i m p u r i t y  a d s o r p t i o n  a t  i n t e r n a l  b o u n d a r i e s  
p r o p o s e s  t h a t  a d s o r p t i o n  a t  g r a i n  b o u n d a r i e s ,  n o n c o h e r e n t  t w i n  
b o u n d a r i e s ,  and  d i s l o c a t i o n s  make them more s u s c e p t i b l e  t o  
l o c a l i z e d  a t t a c k  by n i t r i c  a c i d - d i c h r o m a t e  s o l u t i o n s .
I n v e s t i g a t i o n s  o f  i m p u r i t y  a d s o r p t i o n  c o n t i n u e  and  t e n d
( 31)t o  s u p p o r t  t h e  t h e o r y .  J o s h  and S t e i n  have  d e t e r m i n e d  
t h a t  a  number o f  c h e m ic a l  i m p u r i t i e s  a c c e l e r a t e  i n t e r g r a n ­
u l a r  c o r r o s i o n .  S u l f u r ,  n i t r o g e n ,  and  p h o sp h o ru s  i m p u r ­
i t i e s  e s p e c i a l l y  c o n t r i b u t e  t o  t h e  a c c e l e r a t i o n .  O th e r  
e l e m e n t s  w h ich  can  be d e t r i m e n t a l  t o  i n t e r g r a n u l a r  c o r r o ­
s i o n  r e s i s t a n c e  a r e  molybdenum, s i l i c o n ,  and  n i c k e l .
Molybdenum add ed  i n  t h e  r a n g e  o f  two t o  t h r e e  p e r c e n t  
i n  AISI  Type 316 s t a i n l e s s  s t e e l  and  i t s  m o d i f i c a t i o n s ,  
s l i g h t l y  d e c r e a s e  c a r b i d e  p r e c i p i t a t i o n ,  b u t  can  i n c r e a s e
s u s c e p t i b i l i t y  i n  c e r t a i n  m ed ia  p r i m a r i l y  b e c a u s e  i t  p r o ­
m o te s  t h e  f o r m a t i o n  o f  h a r m f u l  i n t e r m e t a l l i c  compounds
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s u c h  a s  ^ - p h a s e  . T hese  compounds can  c a u s e  s u s ­
c e p t i b i l i t y  t o  a t t a c k  even  when p r e s e n t  i n  amounts  t o o  
s m a l l  t o  d e t e c t  m e t a l l o g r a p h i c a l l y ^ ^ .
S i l i c o n  w h ich  i s  a  common a d d i t i o n  t o  a l l  s t e e l s  ha s  been
/ 3 7 - 3 9 )
shown t o  be d e t r i m e n t a l  and  p a r t i c u l a r i t y  so  i n  m o lyb ­
denum c o n t a i n i n g  s t e e l s  b e c a u s e  i t  a p p e a r s  t o  a c c e l e r a t e  
t h e  p r e c i p i t a t i o n  o f  d e l e t r i o u s  i n t e r m e t a l l i c  compounds
THEORY SUBSTANTIATION
Numerous i n v e s t i g a t i o n s  have  been  made and  w i l l  c o n ­
t i n u e  t o  be made c o n c e r n i n g  a s p e c t s  o f  t h e  v a r i o u s  i n t e r -  
g r a n u l a r  c o r r o s i o n  t h e o r i e s .  The chromium d e p l e t i o n  t h e o r y  
c o n t i n u e s  t o  be u p h e l d  by many i n v e s t i g a t o r s ,  some o f  which
a r e  d i s c u s s e d  h e r e  t o  show t h i s  s u p p o r t .
( 4 1 )Baumel e t  a l  d i s c u s s  o b j e c t i o n s  a g a i n s t  t h e  chromium 
d e p l e t i o n  t h e o r y .  T h e i r  t h e o r e t i c a l  c o n s i d e r a t i o n s  and  e x p e r ­
i m e n t a l  r e s u l t s  show t h a t  " o t h e r  t h e o r i e s 11 do n o t  p r o v i d e  a
c o r r e c t  i n t e r p r e t a t i o n  o f  i n t e r g r a n u l a r  c o r r o s i o n ,  and  t h e y
(4 2 )
r e f u t e  i n  d e t a i l  t h e s e  t h e o r i e s ,  C hev en a rd  e t  a l  c l a im  t o
h av e  p r o v e d  t h e  chromium d e p l e t i o n  t h e o r y .  G e l l i n g s  and 
( 4 3 )DeJongh s u p p o r t  t h e  chromium d e p l e t i o n  t h e o r y  by an
i n d i r e c t  m ethod  o f  i n v e s t i g a t i o n .  They knew t h a t  t h e  r a t e  
o f  o x i d a t i o n  i n c r e a s e s  w i t h  d e c r e a s i n g  chromium c o n t e n t  i n  
F e -C r  a l l o y s f and  showed i n  t h e i r  i n v e s t i g a t i o n  o f  a num­
b e r  o f  a u s t e n i t i c  s t a i n l e s s  s t e e l s  i n  w hich  chromium c a r b i d e s  
had  been  p r e c i p i t a t e d  a l o n g  g r a i n  b o u n d a r i e s ,  t h a t  s e l e c t i v e  
o x i d a t i o n  t a k e s  p l a c e  p r e f e r e n t i a l l y  a l o n g  t h e  g r a i n  boun­
d a r i e s .  Because  t h i s  phenomenon c a n n o t  be e x p l a i n e d  by t h e  
e l e c t r o c h e m i c a l  t h e o r y ,  i t  a d d s  c r e d e n c e  t o  t h e  chromium
T-1647 -1
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d e p l e t i o n  t h e o r y *  A l s o ,  S c h a f m e i s t e r  e t  a l  u p h o l d  t h e  
t h e o r y  by t h e i r  i n v e s t i g a t i o n s  i n t o  chromium content o f  
c o r r o s i o n  l i q u i d s *
The above  t h e o r i e s  o r  m odels  s u g g e s t  how complex 
i n t e r g r a n u l a r  c o r r o s i o n  can  b e .  No s i n g l e  m ode l  a c c o u n t s  
f o r  a l l  i n t e r g r a n u l a r  c o r r o s i o n  b e h a v i o r .  An a t t e m p t  w i l l  
be made t o  compare t h e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  w i t h  
t h e  above  m ode ls  so  a s  t o  h e l p  i n  s u g g e s t i n g  and  i n t e r ­
p r e t i n g  t h e  c o r r o s i o n  p r o c e s e s .
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EXPERIMENTAL procedure
The e f f e c t i v e n e s s  o f  columbium t o  i n h i b i t  i n t e r g r a n u l a r  
c o r r o s i o n  i n  a u s t e n i t i c  s t a i n l e s s  s t e e l  c a s t i n g s  was d e t e r ­
m ined  by a  s t a n d a r d  c o r r o s i o n  i n v e s t i g a t i o n  p r o c e d u r e .  P a r ­
a m e t e r s  i n c l u d e d  columbium a d d i t i o n s ,  h e a t  t r e a t m e n t ,  and  
c o r r o s i o n  t e s t i n g .  Columbium a d d i t i o n  and h e a t  t r e a t m e n t  
were  v a r i a b l e s ,  w h e r e a s  t h e  c o r r o s i o n - t e s t i n g  p r o c e d u r e  was 
c o n s t a n t  t h r o u g h o u t  t h e  i n v e s t i g a t i o n .  F i g u r e  3 i l l u s t r a t e s  
t h e  v a r i o u s  p a r a m e t e r s  w h ich  a r e  p u t  i n t o  a m a t r i x  fo rm .  The 
p a r a m e t e r s  a r e  d i s c u s s e d  be low .
CASTINGS
(13 )F i v e  a u s t e n i t i c  s t a i n l e s s  s t e e l  c a s t i n g s ,  t y p e  CN-7M " ,
( 4 5 )o f  ASTM s p e c i f i c a t i o n s  were  p r o c u r e d  from t h e  V o l l r a t h  Co. 
C h e m ic a l  s p e c i f i c a t i o n s  o f  t h e  c a s t i n g s  i n c l u d e d  c o n s t a n t  c a r ­
bon c o n t e n t .  Columbium a d d i t i o n  was v a r i e d ,  and  a d d i t i o n s  
were  0 - ,  0 . 4 3 - ,  1 . 0 7 - ,  1 , 4 2 - ,  and  2 .0 5  p e r c e n t .  F o u n d ry  c e r ­
t i f i e d  c h e m i c a l  a n a l y s i s  and  an  i n d e p e n d e n t  c h e m i c a l  a n a l y s i s  
o f  t h e  c a s t i n g s  i s  shown on T a b le  1 .  Emphasis  o f  t h e  i n d e p e n ­
d e n t  a n a l y s i s  was upon  c a r b o n ,  chromium, n i c k e l ,  and  co lumbium. 
Good a g re e m e n t  i s  s e e n  f o r  co lumbium, w h e r e a s  t h e  chromium 
and  n i c k e l  c o n t e n t  c o m p a r i s o n s  show s l i g h t  d i f f e r e n c e s .
- 1 8 -
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F i g u r e  3 . I n v e s t i g a t i o n  M a t r ix
Heat  T r e a tm e n t  0
1.  As r e c e i v e d  
from f o u n d r y
2 .  S e n s i t i z e d  @ 
1250F
3. S o l u t i o n  a n n e a l  
<a 2050F.
4 .  S o l u t i o n  a n n e a l  
@ 2030F; 
S t a b i l i z e  (3 
1750F;
S e n s i t i z e  (3 
1250 F
C a s t i n g s  -  P e r c e n t  Columbium
0 . 4  1 . 0  1 . 4  2 . 0t  -   ■— ■" T-■ ■■ ■ ■ ■■■■■. " ■ i t
HUEY TEST -  65 p e r c e n t b o i l i n g
n i t r i c  a c i d .
F i v e  4 8 - h r  im m ers io n  
t e s t s  p e r  sample*
T o t a l  t e s t s :
5 X 6  = 30
5 .  As r e c e i v e d ,
Welded
6 . S t a b i l i z e  (3
1750F p r i o r  t o  
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T h i s  d i f f e r i n g  o f  c h e m ic a l  c o m p o s i t i o n  can  be e x p l a i n e d  by 
t h e  s a m p l in g  from d i f f e r e n t  a r e a s  on t h e  c a s t i n g s  a s  w e l l  a s  
s e g r e g a t i o n .  A c c o r d in g  t o  Rh ines^  ^  s e g r e g a t i o n  can  c a u se  
c o m p o s i t i o n  v a r i a t i o n s  o f  s e v e r a l  p e r c e n t  f rom p o i n t  t o  p o i n t .
The c a r b o n  c o n t e n t  d i f f e r e n c e s  p r e s e n t  a  more s e r i o u s  
c o n s i d e r a t i o n .  The h i g h  0 .0 9  and 0 .1 0  p e r c e n t  c a r b o n  i s  g r e a t ­
e r  t h a n  t h e  a c c e p t a b l e  ASTM s p e c i f i c a t i o n s  f o r  CN-7M c a s t i n g s .
The i n c r e a s e  i n  c a r b o n  c o n t e n t  shown by t h e  i n d e p e n d e n t  a n a l ­
y s i s  can  be due t o  s u r f a c e  c a r b u r i z a t i o n  t h a t  t a k e s  p l a c e  d u r -
(4 7 )
i n g  c a s t i n g  p r o c e s s e s .  Luce e t  a l  show t h i s  phenomenon
t a k i n g  p l a c e  e s p e c i a l l y  w i t h  t h e  u s a g e  o f  r e s i n - s h e l l  and  
g r e e n  sand  m o ld s .  S u r f a c e  c a r b u r i z a t i o n  can  be a s e r i o u s  p r o b ­
lem w i t h  a u s t e n i t i c  s t a i n l e s s  s t e e l  c a s t i n g s .
F i g u r e  4 i s  a  m a c r o p h o to g r a p h  o f  a r e p r e s e n t a t i v e  c a s t ­
i n g .  A l l  c a s t i n g s  were  so u n d .
Sam ples  f o r  c o r r o s i o n  t e s t i n g  were  removed from t h e  c a s t ­
i n g s  by a b a n d -saw  o p e r a t i o n .  A t y p i c a l  sample  i s  t h e  r e ­
moved p o r t i o n  o f  t h e  i l l u s t r a t e d  c a s t i n g .  S i z e  o f  t h e  sam­
p l e s  was a p p r o x i m a t e l y  2 -b y l% -b y  1 i n c No a t t e m p t  was made 
t o  i d e n t i f y  sample  p o s i t i o n ,  b u t  an  a t t e m p t  was made t o  t a k e  
sa m p le s  f rom  p o r t i o n s  o f  e q u i v a l e n t  c a s t i n g  symmetry .
HEAT TREATMENT
To i n v e s t i g a t e  t h e  e f f e c t s  o f  columbium a d d i t i o n  on 
CN-7M c a s t i n g s  t h r e e  p r i n c i p l e  h e a t  t r e a t m e n t s  were  s e l e c t e d 5 ^ >^9) 
T h ese  i n c l u d e d  h o m o g e n i z a t i o n ,  s t a b i l i z a t i o n ,  and  s e n s i t i z a t i o n .
F i g u r e  5 i l l u s t r a t e s  t h e  t e m p e r a t u r e  and  s o a k i n g  p e r i o d s  t h a t  
were  u s e d  f o r  t h e  h e a t  t r e a t m e n t  c y c l e s .
T- 1647 - 2 2 -
F i g u r e  4 R e p r e s e n t a t i v e  C a s t i n g
t o ^ ^ K e s  Lt
so  Lr),K,■'too
T -1647 - 2 3 -
FIGURE 5 
HEAT TREATMENT CYCLES
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C y c le  A r e p r e s e n t s  t h e  s o l u t i o n  a n n e a l  o r  h o m o g e n iz a t io n  
h e a t  t r e a t m e n t .  T e m p e r a tu r e  o f  t h i s  h e a t  t r e a t m e n t  was h e l d  
a t  2050F f o r  1^  h r .  I n  t h i s  h e a t - t r e a t m e n t  c y c l e  t h e  chrom­
ium c a r b i d e s  and  columbium c a r b i d e s  go i n t o  s o l i d  s o l u t i o n  and  
a w a t e r  qu e n ch  r e t a i n s  t h e  " s o l u t i o n  t r e a t e d "  c o n d i t i o n .
C y c le  B r e p r e s e n t s  t h e  s t a b i l i z a t i o n  c y c l e .  A t e m p e r a t u r e  
o f  l750Fwas h e l d  f o r  1\  h r  and  d u r i n g  t h i s  c y c l e  t h e  chrom­
ium c a r b i d e s  d i s s o l v e  and  go i n t o  s o l i d  s o l u t i o n ,  w h e re a s  
columbium c a r b i d e s  p r e c i p i t a t e .  T h e o r e t i c a l l y  t h i s  t r e a t m e n t  
s h o u l d  p r o v i d e  good p r o t e c t i o n  a g a i n s t  i n t e r g r a n u l a r  c o r r o s i o n  
b e c a u s e  o f  t h e  s o l u t i o n  h e a t  t r e a t m e n t  o f  t h e  chromium c a r ­
b i d e s  and  t h e  d e p l e t i o n  o f  c a r b o n  by t h e  f o r m a t i o n  o f  co lum ­
bium c a r b i d e  p r e c i p i t a t e s .
C y c le  C r e p r e s e n t s  t h e  s e n s i t i z a t i o n  h e a t  t r e a t m e n t .
The t e m p e r a t u r e  i s  h e l d  a t  1250F f o r  1% h r ,  d u r i n g  w h ich  t im e  
maximum chromium c a r b i d e  p r e c i p i t a t i o n  o c c u r s .  T h e o r e t i c a l l y  
t h i s  t r e a t m e n t  s h o u l d  show a maximum o f  i n t e r g r a n u l a r  a t t a c k  
b e c a u s e  o f  t h e  c a rb o n -c h ro m iu m  u n i o n  i n  t h e  form o f  p r e c i p ­
i t a t e s  and  t h e  a t t e n d a n t  chromium d e p l e t i o n .
Not shown on F i g u r e  5 i s  t h e  a s - r e c e i v e d  h e a t  t r e a t e d  
c o n d i t i o n  o f  c a s t i n g s  f rom t h e  f o u n d r y ,  w h ich  was u s e d  a s  
a  b a s e  t o  p r o v i d e  c o m p a r i s o n s  w i t h  o t h e r  h e a t  t r e a t m e n t s  t h a t  
were  l a b o r a t o r y  p e r f o r m e d .  C yc le  D r e p r e s e n t s  a  combined h e a t  
t r e a t m e n t  w hich  i n c l u d e d  a l l  t h r e e  p r i n c i p l e  h e a t  t r e a t m e n t s  
a s  i l l u s t r a t e d  i n  F i g .  5 .  T h i s  t r e a t m e n t  was d e s i g n e d  t o  
show e f f e c t s  o f  s e n s i t i z a t i o n  on t h e  p r i o r  h o m o g e n i z a t io n  and 
s t a b i l i z a t i o n  h e a t  t r e a t m e n t s .
T -1647
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W eld ing  t e s t s  were  p e r f o r m e d  t o  show e f f e c t s  o f  weld  
d e c a y  and  i f  columbium a d d i t i o n  c o u ld  i n h i b i t  t h i s  form o f  
c o r r o s i o n .  T hese  t e s t s  were  s i r n u l a t e d  w e l d - r e p a i r  o f  c a s t ­
i n g s  i n  t h e  a s - r e c e i v e d  and  s t a b i l i z e d  h e a t  t r e a t e d  c o n d i ­
t i o n s .  Weld r e p a i r  o f  c a s t i n g s  i s  a  s a l v a g i n g  o p e r a t i o n  o f  
econom ic  i m p o r t a n c e ( 5 0 )  ̂ M a c h in in g  o p e r a t i o n s  o f t e n  r e v e a l  
d e f e c t s  such  a s  p o r o s i t y .  A l s o ,  a  c a s t i n g  can  be d i m e n s i o n -  
a l l y  d e f i c i e n t .  Such d e f e c t s  a r e  r e p a i r e d  by w e l d i n g  and 
d e p e n d i n g  on t h e  s i z e  o f  t h e  d e f e c t  o r  d e f i c i e n c y ,  w e ld  r e p a i r  
can  become a m a jo r  f a c t o r  i n  t h e  m a n u f a c t u r i n g  p r o c e s s e s .
The w e l d i n g  p r o c e d u r e s  u s e d  i n  t h e  i n v e s t i g a t i o n  were  
a l s o  s h o p - s i m u l a t e d .  C u r r e n t  p r a c t i c e  i n  many s m a l l  shops  
i s  t o  c o n t i n u e  u s a g e  o f  ’’s t i c k  e l e c t r o d e s ” b e c a u s e  o f  economic 
c o n s i d e r a t i o n s .  McKay s t i c k  e l e c t r o d e ,  3 / 3 2 - i n  d iam ,  s t a i n -  
I e s s 2 0 ~ l 5 ,  was u s e d  i n  t h e  w e l d in g  p r o c e d u r e .  C h em ica l  com­
p o s i t i o n  o f  t h e  e l e c t r o d e  was n o t  d e s i g n a t e d ,  p r o b a b l y  f o r  
p r o p r i e t a r y  r e a s o n s .  C u r r e n t  s e t t i n g  was a l o w - r a n g e ,  r e ­
v e r s e  p o l a r i t y  s e t t i n g  o f  80 amps,  and  230 v o l t s  on t h e  
G e n e r a l  E l e c t r i c  w e l d i n g  m a c h in e .
Heat i n p u t  was m in im iz e d  and m o n i t o r e d  w i t h  Tempi 1 
s t i c k s .  A t o t a l  o f  f o u r  w e l d i n g  p a s s e s  were  made p e r  sam­
p l e  and  b e tw een  p a s s e s  t h e  sam p le s  were  a l l o w e d  t o  a i r - c o o l  
t o  a m b ie n t  t e m p e r a t u r e .  The t im e  p e r  p a s s  was a p p r o x i ­
m a t e l y  one m i n u t e .
SAMPLE PREPARATION
T h i s  p o r t i o n  o f  t h e  p r o c e d u r e  f o l l o w e d  t h e  h e a t  t r e a t i n g .
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Thus a n y  o x i d e  c o a t i n g  t h a t  r e s u l t e d  from t h e  h e a t - t r e a t i n g  
p r o c e s s e s  was c o m p l e t e l y  removed by t h e  m a c h in in g  p r o c e s s *
The r o u g h - c u t  sam p le s  were  m ac h ined  i n t o  r e c t a n g u l a r - s h a p e d  
s o l i d s  on a B r i d g e p o r t  m i l l  and  were  g iv e n  a f i n i s h  t r e a t ­
ment w i t h  No. 80 g r i t  a b r a s i v e .  Edges were m ach ined  t o  w i t h i n  
0 . 0 0 1  i n ;  t h e  s u r f a c e  a r e a  o f  e ach  sample  was o b t a i n e d  by 
m i c r o m e t e r  m easu rem en t  and w e ig h t  o f  each  sample  was o b ­
t a i n e d  on a M e t t l e r  a n a l y t i c  b a l a n c e  whose a c c u r a c y  was t o  
w i t h i n  0 .0 0 1  g ram s .  P r i o r  t o  c o r r o s i o n  t e s t i n g  t h e  sam p le s  
were  d e g r e a s e d  i n  m e t h y l  a l c o h o l .
A l l  s a m p les  were  s t a m p - i d e n t i f i e d  w i t h  a coded  num ber;  
a p p e n d i x  I  shows t h i s  i d e n t i f i c a t i o n  t a b l e .
HUEY CORROSION TEST
The t e s t  t h a t  was s e l e c t e d  t o  e v a l u a t e  t h e  amount o f
/ r I cii \
i n t e r g r a n u l a r  c o r r o s i o n  was t h e  s t a n d a r d  Huey t e s t '  * '
and t h e  ASTM s p e c i f i c a t i o n s  were  r i g i d l y  f o l l o w e d .  D u r ­
i n g  t h e  f i v e  4 8 - h r  im m ers ion  p e r i o d s  i n  b o i l i n g  6 5 - p e r c e n t  
n i t r i c  a c i d  d u p l i c a t e  sa m p le s  were  c o n t a i n e d  i n  s e p a r a t e  
f l a s k s .  Samples  were  su s p e n d e d  upon g l a s s  c r a d l e s  so t h a t  
a maximum s u r f a c e  e x p o s u r e  was o b t a i n e d .  At t h e  c o n c l u s i o n  
o f  e a c h  4 8 - h r  p e r i o d  t h e  i n d i v i d u a l  sam p les  were  removed from 
t h e  a c i d ,  washed and s c r u b b e d  u n d e r  a r u n n i n g  s t r e a m  o f  warm 
w a t e r  t o  remove a n y  c o r r o s i o n  p r o d u c t ,  and  t h e n  d r i e d  and  
w e ig h e d .
Weight  l o s s e s  p e r  4 8 - h r  t e s t  p e r i o d  were  c o n v e r t e d  t o  
c o r r o s i o n  r a t e  w i t h  d i m e n s i o n s  o f  m i ls  p e r  y e a r  (m py) .
T h i s  c o n v e r s i o n  i s  shown be low  and  t h e  d e r i v a t i o n  o f  t h i s
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c o n v e r p i o n  e x p r e s s i o n  i s  found  i n  Appendix  I I .
mpy = 1 3 9 2 .2  AJ*
A
where
W = w e i g h t  l o s s  p e r  4 8 - h r  t e s t  p e r i o d ,  i n  grams
o
A = s u r f a c e  a r e a  o f  t h e  s a m p le ,  i n  ( i n .  ) .
A c c e p t a b l e  c o r r o s i o n  r a t e s  f o r  a u s t e n i t i c  s t a i n l e s s
( 1 6 )
s t e e l s  a c c o r d i n g  t o  F o n ta n a  and  Greene  r a n g e  from
(53 )18 t o  30 mpy. A l s o ,  Brown s t a t e s :  ,r c o r r e l a t i o n  o f
t h o u s a n d s  o f  n i t r i c  a c i d  t e s t s  and  w i t h  many y e a r s  o f  s e r ­
v i c e  e x p e r i e n c e  h a s  d e m o n s t r a t e d  t h a t  t h e  a c c e p t a b l e  l i m i t s  
r a n g i n g  from 1 2  t o  30 mpy a r e  r e a l i s t i c  and  e f f e c t i v e  i n  
g u a r d i n g  a g a i n s t  t h e  i n s t a l l a t i o n  o f  eq u ip m en t  w h ich  would 
f a i l  i n  s e r v i c e  e n v i r o n m e n t s  c a p a b l e  o f  i n t e r g r a n u l a r l y  a t ­
t a c k i n g  s u s c e p t i b l e  m a t e r i a l . M
T-1647
RESULTS
The p r i m a r y  o b j e c t i v e  was t o  d e t e r m i n e  t h e  e f f e c t s  o f  
v a r i a t i o n  o f  columbium a d d i t i o n s  on s u s c e p t i b i l i t y  t o  i n t e r ­
g r a n u l a r  c o r r o s i o n .  The Huey t e s t i n g  d i d  show a p p a r e n t  d i f ­
f e r e n c e s  i n  c o r r o s i o n  r a t e  t h a t  a r e  a t t r i b u t a b l e  t o  t h e  c o l -  
u^bium v a r i a t i o n .  C o r r o s i o n  d a t a  show ing  t h e  e f f e c t s  o f  c o l ­
umbium and  h e a t  t r e a t m e n t  v a r i a t i o n  on CN-7M c a s t i n g s  i s  com­
p i l e d  on T a b l e s  I I ,  I I I ,  IV ,  and  V. A lso  l i s t e d  a r e  v i s u a l ,  
m a c r o s c o p i c  o b s e r v a t i o n s  t h a t  were  made on t h e  sam p le s  t o  c o r ­
r e l a t e  w i t h  t h e  c o r r o s i o n  d a t a .  C o r r o s i o n  r e s u l t s  from t h e  
v a r i o u s  h e a t  t r e a t m e n t s  a r e  d i s c u s s e d  be low .
AS- RECEIVED and SOLUTION ANNEALED
T hese  two h e a t  t r e a t m e n t s  showed v e r y  s i m i l a r ,  low, and 
c o n s t a n t  c o r r o s i o n  r a t e  f o r  a l l  columbium a d d i t i o n .  See T a b le
I I .  C o r r o s i o n  r a t e  a v e r a g e d  a p p r o x i m a t e l y  7 mpy.
V i s u a l ,  m a c r o s c o p i c  o b s e r v a t i o n s  c o r r e l a t e  w e l l  w i t h  t e s t  
r e s u l t s .  A p pea ran ce  o f  sa m p le s  f o r  a l l  columbium a d d i t i o n s  
show a b r i g h t ,  s i l v e r y  a p p e a r a n c e ,  and no a p p a r e n t  c o r r o s i o n  
a t t a c k .  P o r o s i t y ,  e t c h i n g ,  and  g r a i n  s t r u c t u r e  were  n o t  e v i d e n t .  
F i g u r e s  6 , 7 ,  and 8  a r e  m i c r o p h o t o g r a p h s  o f  sam p le s  i n  t h e  a s -  
r e c e i v e d  c o n d i t i o n ,  and  r e s p e c t i v e l y  t h e y  c o n t a i n  0 - ,  1 . 4 2 - ,  
and  2 , 0 5  p e r c e n t  Cb. F i g u r e s  9 ,  10 ,  and  11 a r e  m i c r o p h o t o g r a p h s
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CN-7M As R e c e iv e d  C o n d i t i o n M ic r o p h o to g r a p h s  
Hag.  100X
A f t e r  f i v e  4 8 - h r  Huey t e s t  e x p o s u r e s *  E l e c t r o l y t i c  o x a l i c  a c i d
■O'
. < 
e t c h .
F i g u r e  6
p I P e r c e n t  Cb
Sample A10
0 ; 0 1
No i n t e r g r a n u l a r  p e n e t r a t i o n  
No g r a i n  l o s s
F i g u r e  7 ; Sample A46
P e r c e n t  Cb 1 ;42
No i n t e r g r a n u l a r  p e n e t r a t i o n  
No g r a i n  l o s s
F i g u r e  8 Sample A58
P e r c e n t  Cb 2 .0 5  
No i n t e r g r a n u l a r  p e n e t r a t i o n  
No g r a i n  l o s s
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CN-7M S o l u t i o n  A n n e a le d  C o n d i t i o n
A f t e r  f i v e  4 8 - h r  Huey t e s ’t
M i c r o p h o tg r a p h s  
Mag. 100X
E l e c t o l y t i c  o x a l i c  a c i d  




F i g u r e  9 . Sample C120
\. P e r c e n t  Cb 0 .0 1
No i n t e r g r a n u l a r  p e n e t r a t i o n  
No g r a i n  l o s s
j -
F i g u r e  1 0 . Sample C426
x_:
P e r c e n t  Cb 1 .4 2  
*l No i n t e r g r a n u l a r  p e n e t r a t i o n
1 * A). ft _ ^
’ " /■"< \  ’/$ No g r a i n  l o s s
*>’ ' -V Set
. ,  ; : 1  f W  X .
P  <:V * *7 -  ><
. *V  •
a f f e < -  ^ v i
K > )>> vj* v  •• ’t \ - > /  >  A
K , t v  * - < h - U
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F i g u r e  11. Sample C528
P e r c e n t  Cb 2 . 0 5
No i n t e r g r a n u l a r  p e n e t r a t i o n  
No g r a i n  l o s s
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o f  sam p le s  i n  t h e  s o l u t i o n  a n n e a l e d  o r  hom ogen ized  h e a t  t r e a t ­
ed c o n d i t i o n .  R e s p e c t i v e l y  t h e y  c o n t a i n  0 - ,  1 . 4 2 - ,  and  2 .0 5  
p e r c e n t  columbium. A l l  m i c r o p h o t o g r a p h s  a r e  ed g ev iew s  o f  
s a m p le s  t a k e n  a f t e r  c o m p l e t i o n  o f  t h e  f i v e  4 8 - h r  t e s t  e x ­
p o s u r e s  and were  t a k e n  t o  show c o r r o s i o n  p e n e t r a t i o n ,  g r a i n  
l o s s ,  and  m i c r o s t r u c t u r e p The m i c r o p h o t o g r a p h s  c o r r e l a t e  
w e l l  w i t h  t h e  c o r r o s i o n  d a t a  o f  a s - r e c e i v e d  and  s o l u t i o n  
a n n e a l e d  h e a t  t r e a t m e n t s .  No a p p a r e n t  i n t e r g r a n u l a r  c o r ­
r o s i o n  and no g r a i n  l o s s  i s  e v i d e n t .  Note t h e  s i m i l a r i t y  
o f  m i c r o s t r u c t u r e s  f o r  e ac h  columbium a d d i t i o n .
SENSITIZED
C o r r o s i o n  d a t a  f o r  t h i s  h e a t  t r e a t m e n t  i s  shown on
T a b l e  I I I .  I n d i v i d u a l  4 8 - h r  t e s t  e x p o s u r e s  show i n c r e a s i n g
c o r r o s i o n  t r e n d s  f o r  a l l  columbium a d d i t i o n  e x c e p t  t h a t  a t
1 ,4 2  p e r c e n t .  At z e r o  p e r c e n t  Cb t h e  i n c r e a s i n g  c o r r o s i o n
+
r a t e  s t a r t s  a t  a p p r o x i m a t e l y  1 1  mpy and  i n c r e a s e s  t o  a 
maximum o f  a b o u t  30 mpy.
I n c r e a s i n g  t h e  Cb c o n t e n t  t o  0 .4 3  p e r c e n t  shows a 
d e c l i n e  i n  c o r r o s i o n  r a t e  compared w i t h  0 p e r c e n t  Cb a d d i ­
t i o n ,  t h o u g h  a g e n e r a l  i n c r e a s i n g  c o r r o s i o n  t r e n d  i s  e s t a b ­
l i s h e d  w i t h  i n d i v i d u a l  4 8 - h r  t e s t  e x p o s u r e s .  The v a l u e  o f  
e s t a b l i s h i n g  c o r r o s i o n  t r e n d s  was n o t e d  i n  a p r i o r  i n v e s t i ­
g a t i o n ^ ^  and  i s  c o n s i d e r e d  a u s e f u l  i n t e r p r e t a t i o n  d e v i c e .
At l o07 p e r c e n t  Cb an  i n c r e a s i n g  c o r r o s i o n  t r e n d  i s  e s ­
t a b l i s h e d .  Sample B315 showed an  u n u s u a l l y  h i g h  upward  t r e n d .  
V i s u a l  e x a m i n a t i o n  showed h e av y  g r a i n  l o s s .  Because  t h i s  
s a m p l e ' s  c o r r o s i o n  r a t e  was s Q much g r e a t e r  t h a n  i t s  d u p -
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l i c a t e  sample (B314) a n o t h e r  t e s t  was made. Samples  B314A 
and  B315A d i d  c o n f i r m  a lower  c o r r o s i o n  r a t e ,  t h o u g h  t h e  g e n ­
e r a l  upward  t r e n d  f o r  i n d i v i d u a l  4 8 - h r  t e s t  e x p o s u r e s  was e s ­
t a b l i s h e d .
At 1 .4 2  p e r c e n t  Cb t h e  c o r r o s i o n  t r e n d s  f o r  t h e  4 8 - h r  
t e s t  e x p o s u r e s  l e v e l e d  o f f  and  a p p ro a c h e d  a u n i f o r m  r a t e  o f  
a p r o x i m a t e l y  1 0  mpy.
At 2 .0 5  p e r c e n t  Cb t h e  c o r r o s i o n  t r e n d  f o r  each  4 8 - h r  
t e s t  e x p o s u r e  i s  i n c r e a s i n g .  B ecause  o f  t h e  i n c r e a s e d  c o r ­
r o s i o n  r a t e ,  above  t h a t  f o r  any  o t h e r  Cb p e r c e n t a g e ,  a n o t h e r  
c o r r o s i o n  t e s t  was made.  R e s u l t s  o f  t h i s  t e s t  (B518A and  B519A) 
showed i n c r e a s e d  c o r r o s i o n  r a t e s  much g r e a t e r  t h a n  t h a t  f o r  
s a m p le s  B518 and B519. V i s u a l  m a c r o s c o p ic  o b s e r v a t i o n s  
show e f f e c t s  o f  s e n s i t i z a t i o n  on a l l  s a m p le s .  S t a i n i n g ,  e t c h ­
i n g ,  and g r a i n  l o s s e s  a r e  p r e d o m in a n t  f o r  a l l  Cb a d d i t i o n  
e x c e p t  a t  1 .4 2  p e r c e n t  Cbc The 1 .4 2  p e r c e n t  Cb sam ples^  
t h o u g h  s t a i n e d ,  showed no g r a i n  l o s s e s  and  no e t c h i n g .  F i g u r e s  
1 2 ,  1 3 ,  and  14 a r e  m i c r o p h o t o g r a p h s  o f  s e n s i t i z e d  sam p les  t h a t  
c o n t a i n  R e s p e c t i v e l y  0 - ,  1 . 4 2 - ,  and  2 .0 5  p e r c e n t  Cb. I n t e r ­
g r a n u l a r  a t t a c k  and l o s s  o f  g r a i n s  i s  q u i t e  e v i d e n t  a t  0 ~, 
and  2 .0 5  p e r c e n t  Cb.  The m ic r o p h o t o g r a p h  o f  t h e  sample  c o n ­
t a i n i n g  1 .4 2  p e r c e n t  Cb shows l i t t l e ,  i f  a n y ,  p e n e t r a t i o n  
and  no l o s s  o f  g r a i n s .
SOLUTION ANNEALED. STABILIZED, and  SENSITIZED
A g a i n ,  t h e  i n c r e a s i n g  c o r r o s i o n  r a t e  t r e n d  i s  e s t a b l i s h e d  
f o r  a l l  Cb a d d i t i o n s  e x c e p t  a t  1 .4 2  p e r c e n t  C b c T a b le  IV 
shows t h i s  d a t a .
T -1647 - 3 5 -
F i g u r e  1 3 . Sample B416
P e r c e n t  Cb l c42
F in e  g r a i n  ( c a n n o t  d i s c e r n )  
No i n t e r g r a n u l a r  a t t a c k  
No g r a i n  l o s s
F i g u r e  14 .  Sample B519
P e r c e n t  Cb 2 . 0 5
S m a l l ,  e q u ia x e d  g r a i n s  
I n t e r g r a n u l a r  a t t a c k  
G r a in  l o s s
CN-7M S e n s i t i z e d  C o n d i t i o n
A f t e r  f i v e  4 8 - h r  Huey t e s t  e x p o s u r e s .
M i c r p p h o to g r a p h s  
Mag. 100X
E l e c t r o l y t i c  o x a l i c  a c i d  
e t c h .
F i g u r e  12.  Sample B110
P e r c e n t  Cb 0 .0 1  
I n t e r g r a n u l a r  a t t a c k  
M a ss iv e  g r a i n s  
G r a in  and  s u b g r a i n  l o s s e s
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At 0 p e r c e n t  Cb t h e  c o r r o s i o n  r a t e  i n c r e a s e s  w i t h  e ach  
4 8 - h r  t e s t  e x p o s u r e  t o  a p p r o x i m a t e l y  20 mpy a v e r a g e .  At 0 .4 3  
p e r c e n t  Cb t h e  i n c r e a s i n g  t r e n d  became s l i g h t l y  g r e a t e r  t h a n  
a t  0 p e r c e n t  and d u p l i c a t e  sam p le s  were  r e t e s t e d .  D232A and 
D233A showed i n c r e a s i n g  4 8 - h r  t e s t  t r e n d s ,  b u t  t h e  a v e r a g e  
r a t e  was s l i g h t l y  h i g h e r  t h a n  a t  0 p e r c e n t  Cb, At 1 ,0 7  p e r ­
c e n t  Cb t h e  4 8 - h r  t e s t  p e r i o d s  show i n c r e a s i n g  r a t e s  and an 
a v e r a g e  r a t e  o f  a p p r o x i m a t e l y  22 mpy. At 1 ,4 2  p e r c e n t  Cb 
t h e  i n d i v i d u a l  4 8 - h r  t e s t  t r e n d s  show a c o n s t a n t  r a t e  t h a t  
a v e r a g e s  a p p r o x i m a t e l y  5*5 mpy. A pp e ara n ce  o f  t h e s e  sa m p le s  
show l i t t l e  s t a i n i n g ,  no a p p a r e n t  c o r r o s i o n  a t t a c k ,  and no 
g r a i n  l o s s ,
At 2 ,0 5  p e r c e n t  Cb t h e  i n d i v i d u a l  4 8 - h r  t e s t  e x p o s u r e s  
show i n c r e a s i n g  c o r r o s i o n  t r e n d s .  A p p e a ra n ce  o f  sa m p le s  
showed s t a i n i n g ,  e t c h i n g ,  and g r a i n  l o s s .  F i g u r e s  1 5 ,  16 
and 1 9  a r e  m i c r o p h o to g r a p h s  o f  sam p le s  t h a t  r e c e i v e d  t h e  
combined h o m o g e n i z a t i o n ,  s t a b i l i z a t i o n ,  and s e n s i t i z a t i o n  
h e a t  t r e a t m e n t s  and were t a k e n  a f t e r  t h e  f i v e  4 8 - h r  t e s t  
e x p o s u r e s .  I n t e r g r a n u l a r  a t t a c k  and g r a i n  l o s s  i s  e v i d e n t  
a t  0 and  2 ,0 5  p e r c e n t  Cb; w h e rea s  a t  1,42 p e r c e n t  Cb l i t t l e  
p e n e t r a t i o n  and g r a i n  l o s s  i s  e v i d e n t .  G r a in  s i z e  a t  0 p e r ­
c e n t  Cb i s  n o t i c a b l y  g r e a t e r  t h a n  i n  t h e  o t h e r  m i c r o p h o t o ­
g r a p h s .  I t  i s  o b v io u s  t h a t  t h e  l o s s  o f  b u t  few o f  t h e s e  g r a i n s  
can  a c c o u n t  f o r  g r e a t e r  c o r r o s i o n  r a t e s  t h a n  t h o s e  t h a t  have  
s m a l l e r  g r a i n  s i z e .  I n c r e a s i n g  c o r r o s i o n  r a t e  a s s o c i a t e d  w i t h  
i n c r e a s i n g  g r a i n  s i z e  h as  been  r e p o r t e d
G r a i n - r e f i n e m e n t  e f f e c t s  o f  columbium a r e  a l s o  i l l u s -
T -1647 - 3 8 -
CN-7M , S o l n .  A n n e a l e d ,  S t a b i l i z e d ,  
and  S e n s i t i z e d  C o n d i t i o n
A f t e r  f i v e  4 8 - h r  Huey t e s t  e x p o s u r e s .
M i c r o p h o to g r a p h s  
Mag. 100X
E l e c t r o l y t i c  o x a l i c  a c i d  
e t c h .
F i g u r e  15 Sample D131
P e r c e n t  Cb 0 .0 1
M a ss iv e  g r a i n s  
I n t e r g r a n u l a r  a t t a c k  
G r a in  l o s s
F i g u r e  16 Sample D436
P e r c e n t  Cb. 1 .4 2
F in e  g r a i n
No i n t e r g r a n u l a r  a t t a c k  
No g r a i n  l o s s
F i g u r e  1 9 .  Sample D539
P e r c e n t  Cb 2 .0 5
S m a l l ,  e q u ia x e d  g r a i n s  
I n t e r g r a n u l a r  a t t a c k  
G r a in  l o s s
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t r a t e d  by t h e  m i c r o p h o t o g r a p h s .  T h is  r e f i n e m e n t  i s  due t o
i n c r e a s e d  n u c l e a t i o n  s i t e s  p ro d u c e d  by Cb a d d i t i o n .  Hence
t h e  s m a l l e r  g r a i n  s i z e  when columbium o r  o t h e r  g r a i n  r e -
(5 4 )
f i n e r s  a r e  added
AS RECEIVED and WELDED
I n d i v i d u a l  4 8 - h r  t e s t  e x p o s u r e s  showed i n c r e a s i n g  c o r ­
r o s i o n  r a t e  t r e n d s  f o r  0 - ,  and 0 ,4 3  p e r c e n t  Cb, Meanwhile  a t  
1 - .07 - ,  1 . 4 2 - ,  and 2 .0 5  p e r c e n t  Cb t h e  t r e n d  l e v e l s  o u t  and 
shows s t a b i l i z a t i o n .  A p p e a ra n ce  o f  t h e s e  s a m p le s  a f t e r  c o r ­
r o s i o n  t e s t i n g  showed some s t a i n i n g ,  b u t  g r a i n  l o s s  was n o t  
I n  e v i d e n c e .
STABILIZED and WELDED
I n d i v i d u a l  4 8 - h r  t e s t  e x p o s u r e  f o r  0 - ,  and 0 .4 3  p e r ­
c e n t  Cb show i n c r e a s i n g  c o r r o s i o n  r a t e  t r e n d s ;  w h e re a s  a t  
1 , 0 7 - ,  1 . 4 2 - ,  and 2 .0 5  p e r c e n t  Cb t h e  c o r r o s i o n  t r e n d  was 
q u i t e  u n i f o r m  a t  an  a p p r o x i m a t e  a v e r a g e  o f  8  mpy. A p pearance  
o f  t h e s e  s a m p le s  a f t e r  c o r r o s i o n  t e s t i n g  showed s t a i n i n g ,  
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The r e s u l t s  o f  c o r r o s i o n  t e s t i n g  a r e  i l l u s t r a t e d  t o  show
t h e ,  r e l a t i o s h i p  be tw een  columbium a d d i t i o n  an d  c o r r o s i o n  r a t e  
f o r  v a r i o u s  h e a t  t r e a t m e n t s .  F i g u r e s  17 and  18 show s i g n i ­
f i c a n t  t r e n d s  f o r  a l l  h e a t  t r e a t m e n t s  t h a t  r e q u i r e  e x p l a n a ­
t i o n  and  d i s c u s s i o n .
AS-RECEIVED and HOMOGENIZED
F i g u r e  17 shows t h e  c o r r o s i o n  r a t e  t o  be t h e  same foe  
a l l  columbium a d d i t i o n ,  a c o n s t a n t  r a t e  f o r  b o t h  h e a t  t r e a t ­
m en ts  . The c o r r o s i o n  r a t e  i s  t h e  same a 0 p e r c e n t  Cb a s  i t  
i s  a t  2 p e r c e n t  Cb.
T h i s  f a c t  h a s  s p e c i a l  s i g n i f i c a n c e  f o r  s m a l l  a u s t e n i t i c  
s t a i n l e s s  s t e e l  c a s t i n g s  t h a t  w i l l  n o t  e x p e r i e n c e  e x t r e m e s  
i n  t h e r m a l  s e r v i c e .  They s i m p l y  can  be h e a t  t r e a t e d  ( s o l u t i o n  
a n n e a l e d  o r  hom og en ized )  t o  g a in  maximum c o r r o s i o n  r e s i s t a n t  
p r o p e r t i e s .  Columbium a d d i t i o n  i s  n o t  r e q u i r e d  t o  enhance  
c o r r o s i o n  r e s i s t a n c e .  I n  f a c t ,  columbium c o u l d  be c o n s i d e r e d  
t o  be an economic  l i a b i l i t y  a s  i t s  a d d i t i o n  d oes  n o t h i n g  t o  
h e l p  o r  h i n d e r  t h e  c o r r o s i o n  r e s i s t a n c e .
- 4 1 -
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3SN3ITIZED and COMBINED (HOMOGENIZED. STABILIZED and SENSITIZED) 
F i g u r e  17 shows c o r r o s i o n  t r e n d s  f o r  b o t h  o f  t h e  s e n s i ­
t i z e d  and  combined h e a t  t r e a t m e n t s .  The c o r r o s i o n  r a t e s  were  
fo u n d  t o  be g r e a t e r  t h a n  t h a t  o f  t h e  h o m o g e n i z a t io n  h e a t  t r e a t ­
ment f o r  a l l  Cb a d d i t i o n  e x c e p t  i n  a v e r y  n a r r o w  c o m p o s i t i o n  
r a n g e .  T h i s  e x c e p t i o n  c e n t e r s  a t  1 . 4  p e r c e n t  Cb where  t h e  
c o r r o s i o n  r a t e  d e c r e a s e s  t o  a b o u t  t h e  same r a t e  a s  t h e  homog­
e n i z a t i o n  h e a t  t r e a t m e n t .
Columbium a d d i t i o n  a t  1 . 4  p e r c e n t  f o r  t h e s e  c a s t i n g s ,  
r e p r e s e n t s  a  Cb/C r a t i o  o f  a p p r o x i m a t e l y  15 t o  1* T h i s  r a t i o  
i s  much g r e a t e r  t h a n  t h e  c u r r e n t l y  u s e d  8  t o  1  r a t i o  o f  f o u n ­
d r y  p r a c t i c e .  I t  i s  a p p a r e n t  from F i g u r e  17 t h a t  a Cb/C 
r a t i o  o f  8  t o  1  o f f e r s  l i t t l e  o r  no p r o t e c t i o n  t o  t h e  s t a i n ­
l e s s  s t e e l  c a s t i n g s .  The 15 t o  1 r a t i o  i s  c o n s i s t a n t  w i t h  
(18  )Heely* s o b s e r v a t i o n  t h a t  e x c e s s  columbium must  be ad d ed
t o  t a k e  up t h e  n i t r o g e n  a s  w e l l  a s  t h e  ca rb o n*  H ee ly  c a l c ­
u l a t e d  an  1 1  t o  1  r a t i o  a s s u m in g  t h a t  a l l  t h e  a v a i l a b l e  c a r ­
bon and  o n e - h a l f  o f  t h e  n i t r o g e n  c o n t e n t  o f  t h e  s t e e l  i s  
combined w i t h  t h e  columbium a d d i t i o n s .  A l s o  F i g .  17 shows 
t h a t  l i t t l e  p r o t e c t i o n  i s  g i v e n  u n t i l  t h e  Cb/C r a t i o  e x c e e d s  
11 t o  1. The 15 t o  1 r a t i o ,  found  i n  t h i s  i n v e s t i g a t i o n ,  i s  
c o n s i s t a n t  w i t h  t h e  a s s u m p t i o n  t h a t  a l l  o f  t h e  c a r b o n  and 
n i t r o g e n  i s  combined w i t h  columbium a s  CbC and  CbNc
The 15 t o  1 r a t i o  i s  a l s o  c o n s i s t a n t  w i t h  t h e  a s su m p ­
t i o n  t h a t  n e a r l y  a l l  o f  t h e  c a r b o n  i s  t i e d  i n  a  Cb2 C p h a se  
and  t h a t  t h e  n i t r o g e n  i s  n o t  combined w i t h  t h e  columbium 
a t  a l l .  T h i s  would  n o t  be c o n s i s t a n t  w i t h  t h e  o b s e r v a t i o n  
o f  H e e ly  c o n c e r n i n g  t h e  n i t r o g e n  t i e - u p  and  w i t h  t h e  f a c t
T -1647
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t h a t  t h e  f r e e  e n e r g y  o f  columbium n i t r i d e  i s  much more 
n e g a t i v e  t h a n  an y  o f  t h e  columbium c a r b i d e s .  T h is  s u g g e s t s  
t h a t  columbium n i t r i d e  i s  more l i k e l y  t o  fo rm .
I f  columbium i s  t o  be ad d ed  t o  a u s t e n i t i c  s t a i n l e s s  
s t e e l  a s  a  p r o t e c t i v e  m e a su re  t o  c o n t r o l  i n t e r g r a n u l a r  c o r ­
r o s i o n  i t  i s  a p p a r e n t  from F i g .  17 t h a t  t h e  optimum co lum ­
bium c o n t e n t  l i e s  w i t h i n  a n a r r o w  c o m p o s i t i o n  r a n g e .  T h is  
i s  o f  s i g n i f i c a n c e  t o  f o u n d r y  p r a c t i c e .  From t h e  r e s u l t s  o f  
t h i s  i n v e s t i g a t i o n  i t  can be s e e n  t h a t  f o u n d r i e s  must  m a i n ­
t a i n  c l o s e  q u a l i t y  c o n t r o l  on t h e  c h e m i s t r y  (columbium as  
w e l l  a s  c a r b o n )  i f  t h e  columbium a d d i t i o n s  a r e  t o  g iv e  any  
c o r r o s i o n  p r o t e c t i v e  s e r v i c e .
The 15 t o  1 Cb/C r a t i o  found  i n  CN-7M c a s t i n g s  o f  t h i s  
i n v e s t i g a t i o n  r e s u l t s  from c a r b o n  and n i t r o g e n  c o n c e n t r a t i o n s  
o f  t h e s e  s t e e l s  and  s h o u l d  n o t  be u s e d  a s  a  common f a c t o r  f o r  
a l l  s t a i n l e s s  s t e e l  c a s t i n g s .  I t  i s  e x p e c t e d ,  s i n c e  n i t r o g e n  
and  c a r b o n  c o n t e n t s  d i f f e r  f o r  t h e  v a r i o u s  s t a i n l e s s  s t e e l s ,  
t h a t  e ach  w i l l  h ave  i t s  own s p e c i a l  Cb/C r a t i o  t h a t  g i v e  
optimum c o r r o s i o n  r e s i s t a n c e .  T h i s  p r o p e r  r a t i o  f o r  e ach  
s t a i n l e s s  s t e e l  s h o u l d  be d e t e r m i n e d  by e x p e r i m e n t a t i o n ,  bu t  
i t  a p p e a r s  p o s s i b l e  t h a t  i t  can  be e s t i m a t e d  by c a l c u l a t i o n s  
t h a t  assume t h a t  a l l  t h e  c a r b o n  and  n i t r o g e n  o f  t h e  s t a i n l e s s  
s t e e l  w i l l  be combined w i t h  t h e  columbium a d d i t i o n .
F i g .  17 ,  w h ich  e x h i b i t s  a minumum c o r r o s i o n  r a t e  a t
1 .4  p e r c e n t  Cb f o r  a l l  h e a t  t r e a t m e n t s ,  c an  s u g g e s t  some i n ­
t e r p r e t a t i o n  t o  e x i s t i n g  c o r r o s i o n  m o d e l s .  Columbium a d d ­
i t i o n  i n  t h e  r a n g e  o f  0  t o  1 .4  p e r c e n t  sh o w s  a c o r r o s i o n  behav
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i o r  f o r  t h e s e  c a s t i n g s  t h a t  seems t o  s u g g e s t  t h e  chromium d e ­
p l e t i o n  t h e o r y .  The columbium i s  a p p a r e n t l y  c o m b in ing  w i t h  
a v a i l a b l e  c a r b o n  and  n i t r o g e n .  At 1 . 4  p e r c e n t  Cb t h e  c a rb o n  
h a s  been  removed from s o l i d  s o l u t i o n  and  w i l l  n o t  be a v a i l a b l e  
f o r  f o r m a t i o n  o f  chromium c a r b i d e  and t h e  a t t e n d a n t  chromium 
d e p l e t i o n  o f  t h e  s o l i d  s o l u t i o n .  At 1 . 4  p e r c e n t  Cb a l l  t h e  
h e a t  t r e a t m e n t s  have  t h e  same c o r r o s i o n  r e s i s t a n c e  a s  t h e  homo­
g e n i z e d  t r e a t m e n t .
The a p p a r e n t  d e l a y  o f  a n y  c o r r o s i o n  r e s i s t a n c e  ( f rom  
0 t o  1 p e r c e n t  Cb) w i t h  columbium a d d i t i o n s  can  be p o s s i b l y  
a t t r i b u t e d  t o  t h e  columbium a d d i t i o n  f i r s t  f o r m in g  CbN and 
t h e n  w i t h  a n y  e x c e s s  fo r m in g  t h e  columbium c a r b i d e .  T h i s
(55 )
r e a s o n i n g  would  be c o n s i s t a n t  w i t h  t h e  th e rm o d y n am ic  d a t a  
f o r  columbium n i t r i d e s  and  c a r b i d e s .
The i n c r e a s i n g  c o r r o s i o n  r a t e  above  1 , 4  p e r c e n t  Cb ( t h e  
amount o f  columbium t h a t  c o n t r o l s  t h e  c a r b o n  and a l l o w s  no 
chromium d e p l e t i o n )  s u g g e s t s  a n o t h e r  m echanism  i s  c o n t r o l l i n g  
t h e  c o r r o s i o n  b e h a v i o r .  I f  t h e  chromium d e p l e t i o n  t h e o r y  
i s  t o  be t h e  do m in a n t  c o r r o s i o n  c o n c e p t  above  1 .4  p e r c e n t  
Cb a d d i t i o n  i t  i s  n e c e s s a r y  t o  c o n s i d e r  some o t h e r  columbium 
c a r b i d e ,  o t h e r  t h a n  CbC a s  a  c a r b o n  s t a b i l i z e r .  A n o th e r
( 56 )
columbium c a r b i d e ,  Cb^C, e x i s t s  . T h i s  c a r b i d e  may be 
s t a r t i n g  t o  form a t  l a r g e r  columbium c o n c e n t r a t i o n s  (ab o ve
1 .4  p e r c e n t  C b ) .  Cb2 C has  a  more n e g a t i v e  f r e e  e n e r g y  o f  
f o r m a t i o n  t h a n  CbC and  a t  h i g h e r  columbium c o n c e n t r a t i o n s  i t  
may be t h e  more do m in an t  p h a s e .  I f  Cb2 C i s  t h e  c a r b o n  s t a ­
b i l i z e r ,  i t  w i l l  t a k e  a b o u t  t w i c e  t h e  amount o f  columbium
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t o  t i e  up a l l  o f  t h e  c a r b o n  and  n i t r o g e n  compared  w i t h  t h e  
o t h e r  form o f  c a r b i d e ,  CbC, which  i s  assum ed t o  be t h e  dom­
i n a n t  c a r b i d e  a t  low columbium a d d i t i o n s .  T h i s  r e a s o n i n g  
s u g g e s t s  t h a t  t h e  i n c r e a s e  i n  c o r r o s i o n  b e h a v i o r  w i t h  i n ­
c r e a s i n g  columbium a d d i t i o n s  above  1 .4  p e r c e n t  Cb s h o u l d  have  
a n o t h e r  minimum o f  c o r r o s i o n  r a t e  i n  t h e  r a n g e  o f  a p p r o x ­
i m a t e l y  2 .7  p e r c e n t  Cb a d d i t i o n .  At 2 . 7  p e r c e n t  Cb t h e r e  
w i l l  be s u f f i c i e n t  columbium t o  g u a r a n t e e  a g a i n  t h a t  t h e r e  i s  
no chromium d e p l e t i o n .
T h i s  r e a s o n i n g  s u g g e s t s  f u t u r e  i n v e s t i g a t i o n s  t o  v e r i f y  
t h e  chromium d e p l e t i o n  t h e o r y  by t e s t i n g  c a s t i n g s  w i t h  l a r g e r  
columbium a d d i t i o n s  ( f ro m  2 . 0 -  t o  4 . 0  p e r c e n t  Cb) and  v e r i f y  
t h e  se c o n d  p r o j e c t e d  minimum c o r r o s i o n  r a t e .
I t  i s  a l s o  p o s s i b l e ,  a s  s u g g e s t e d  i n  t h e o r y  s e c t i o n ,  
t h a t  c a r b i d e  m o rp h o lo g y ,  s t r a i n ,  and  e l e c t r o c h e m i c a l  b e ­
h a v i o r  a r e  c o n t r i b u t i n g  t o  t h e  i n t e r g r a n u l a r  c o r r o s i o n .  The 
i n c r e a s e  i n  c o r r o s i o n  r a t e  above  1 .4  p e r c e n t  Cb can  n o t  be 
a t t r i b u t e d  t o  i n c r e a s e s  i n  t h e  amount o f  c a r b i d e  p h a s e  p r e s e n t  
s i n c e  t h e  amount o f  c a r b o n  c o n t r o l s  t h e  t o t a l  amount o f  c a r ­
b i d e s  thd^ can  be fo rm e d .  I t  h a s  a l r e a d y  been  shown t h a t  a t
1 .4  p e r c e n t  Cb t h a t  n e a r l y  a l l  o f  t h e  c a r b o n  i s  t i e d  u p  a s  
columbium c a r b i d e .  T h is  p r o d u c e s  t h e  maximum amount o f  c a r ­
b i d e  p h a s e .  Any f u r t h e r  i n c r e a s e  i n  columbium can  n o t  p r o ­
duce  more t h a n  t h i s  amount o f  c a r b i d e .  I t  may p r o d u c e  l e s s  
c a r b i d e  i n  t h e  r a n g e  a b o u t  1 , 4  p e r c e n t  Cb i f  t h e  Cb2 C i s  
fo un d  t o  be t h e  more s t a b l e  p h a s e .  S o ,  i t  i s  e x p e c t e d  t h e  
number o r  amount o f  c a r b i d e s  i s  n o t  d i r e c t l y  c o n t r i b u t i n g
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t o  t h i s  i n c r e a s e  i n  c o r r o s i o n  r a t e  by p r o d u c i n g  more s t r a i n  
and  e l e c t r o c h e m i c a l  s i t e s ,  b u t  may be i n d i r e c t l y  c o n t r i b u t i n g  
by i n s u f f i c i e n t  s t a b i l i z a t i o n  o f  t h e  c a r b o n .  I t  i s  p o s s i b l e  
t h a t  t h e  c a r b i d e  m o rp h o lo g y  may be c h a n g i n g  above  1 . 4  p e r ­
c e n t  Cb, e s p e c i a l l y  i f  Cb2 C i s  becoming t h e  dom inan t  c a r b i d e ,  
an d  t h u s  c a u s e s  i n c r e a s e d  l a t t i c e  s t r a i n  a n d  p o s s i b l e  e l e c t r o ­
c h e m i c a l  b e h a v i o r  a r o u n d  t h i s  t y p e  o f  c a r b i d e s .  I f  t h e  mor­
p h o l o g y ,  s t r a i n ,  o r  e l e c t r o c h e m i c a l  b e h a v i o r  i s  t h e  m a jo r  
c o n t r i b u t i n g  f a c t o r  t o  t h e  i n c r e a s i n g  c o r r o s i o n  r a t e  above
1 . 4  p e r c e n t  Cb and  i s  n o t  a s s o c i a t e d  w i t h  t h e  p o s s i b l e  Cb£C 
p h a s e ,  t h e r e  i s  no r e a s o n  t o  e x p e c t  t h e  s e c o n d  p r o j e c t e d  
minimum i n  t h e  c o r r o s i o n  r a t e  f o r  h i g h e r  columbium c o n c e n ­
t r a t i o n .
I n  o r d e r  t o  d e t e r m i n e  t h e  r o l e  o f  t h e s e  c a r b i d e s ,  i t  
w i l l  be n e c e s s a r y  f o r  f u t u r e  i n v e s t i g a t o r s  t o  u s e  more s o p h i s ­
t i c a t e d  t e c h n i q u e s  s u c h  a s  e l e c t r o n  m i c r o s c o p y  w i t h  t h e  c o r ­
r o s i o n  t e s t s  t o  r e l a t e  c a r b i d e  m orpho logy  w i t h  c o r r o s i o n  
b e h a v i o r .
F i g .  18 i l l u s t r a t e s  t h e  c o r r o s i o n  b e h a v i o r  on w e ld ed  
s a m p l e s .  The a s - r e c e i v e d  and  w e lded  c o n d i t i o n  shows a  h i g h ­
e r  c o r r o s i o n  t r e n d  compared  w i t h  t h e  s t a b i l i z e d  and w e ld ed  
t r e a t m e n t .  Both t r e a t m e n t s  show s t a b i l i z a t i o n  o f  c o r r o s i o n  
a t  a p p r o x i m a t e l y  1 p e r c e n t  Cb a d d i t i o n .  F i g . 18 s u p p le m e n ts  
F i g .  17 i n  t h a t  a Cb/C r a t i o  g r e a t e r  t h a n  11 t o  1 i s  r e q u i r e d  
f o r  p r o t e c t i o n .  The s t a b i l i z i n g  t r e a t m e n t  p r i o r  t o  w e l d in g  
seems t o  be c o n t r i b u t i n g  t o  t h e  c o r r o s i o n  r e s i s t a n c e ,  and  i s  
a p p r o a c h i n g  t h e  h o m o g e n i z a t io n  t r e a t m e n t s  c o r r o s i o n  l e v e l  
a s  shown i n  F i g .  17.



















































A number o f  i n t e r e s t i n g  c o n c l u s i o n s  can be made t h a t  
a r e  b a se d  on t h i s  i n v e s t i g a t i o n .
( 1 )  A p r o p e r  h o m o g e n i z a t io n  h e a t  t r e a t m e n t  i s  s t i l l  
t h e  b e s t  g u a r a n t e e  f o r  p r o t e c t i o n  o f  c a s t i n g s  
a g a i n s t  i n t e r g r a n u i a r  c o r r o s i o n .
( 2 )  Columbium can i n h i b i t  i n t e r g r a n u i a r  c o r r o s i o n  i n  
s t a i n l e s s  s t e e l  c a s t i n g s ,  b u t  o n l y  w i t h  optimum 
amounts  i n  a v e r y  n a r r o w  c o m p o s i t i o n  r a n g e , T h is  
i n d i c a t e d  amount i s  a p p r o x i m a t e l y  15 t o  1 Cb/C 
r a t i o  f o r  CN-7M. T h is  r a t i o  i s  a l s o  r e q u i r e d  f o r  
w e ldm en ts  o f  c a s t i n g s .
( 3 )  The i n t e r g r a n u i a r  c o r r o s i o n  b e h a v i o r  be low  1 . 4  p e r  
c e n t  Cb has  been  e x p l a i n e d  w i t h  t h e  chromium d e ­
p l e t i o n  t h e o r y  b a s e d  on CbC f o r m a t i o n .
( 4 )  The a p p a r e n t  i n c r e a s e  i n  c o r r o s i o n  r a t e  above
1 , 4  p e r c e n t  Cb can  n o t  be e x p l a i n e d  by u s i n g  a 
chromium d e p l e t i o n  t h e o r y  b a s e  on t h e  f o r m a t i o n  
o f  CbC.
( 5 )  A s e c o n d  minimum i n  t h e  c o r r o s i o n  r a t e  i s  p r e -
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d i c t e d  a t  h i g h e r  columbium c o n t e n t s  i f  t h i s  i n c r e a s e  
i n  c o r r o s i o n  r a t e  above  1 .4  p e r c e n t  Cb can  be 
e x p l a i n e d  by a  chromium d e p l e t i o n  t h e o r y  b a s e d  on 
t h e  f o r m a t i o n  o f  Cb2 C.
(6 )  The com plete  r o l e  t h a t  c a r b id e s  p l a y  i n  i n t e r g r a n ­
u i a r  c o r r o s i o n  r e q u i r e s  f u r t h e r  s t u d y  and i n v e s t i g a t i o n s  
t h a t  sh o u ld  use  more..s o p h i s t i c a t e d  t e c h n i q u e s  such  
as  e l e c t r o n  m icr o sc o p y  combined w i th  th e  c o r r o s i o n  
t e s t i n g .
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Append ix  I :  SPECIMEN NUMBERING COfr
Heat
T r e a tm e n t
Columbium C o n te n t P e r c e n t a g e
0 . 0 1  0 . 4 3  1 .0 7
C a s t i n g  Number
1 .4 2  2 .0 5
1 2 3 4 5
A s - R e c e iv e d A10 A22 A34 A46 A58
A A l l A23 A35 A47 A59
S e n s i t i z e d
B
B110 B212
B i l l  B213
S o I n .  A nn ea l  C120 C222
C C121 C223
S o I n .  A n n e a l ,
S t a b i l i z e d ,  D130 D232















D D131 D233 D335 D437 D539
A s - R e c e iv e d  6 c 
Welded
E
E140 ' E 2 42 - E344 E436 E548
S t a b i l i z e d  6 c F150 F252
Welded
F354 F456 F558
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A ppend ix  I I : DERIVATION OF CORROSION RATE FORMULA
C o r r o s i o n  r a t e s  a r e  e x p r e s s e d  i n  a  number o f  w ays ;  a l l  
h ave  t h e i r  own d i m e n s i o n s .  Weight  l o s s  p e r  u n i t  t i tn e  d o e s  
n o t  have  s u f f i c i e n t  d e f i n i t i o n  a s  t h e  s u r f a c e  a r e a  i s  a l s oj
i n v o l v e d  i n  c o r r o s i o n  r e p o r t i n g .  M i l l i g r a m s  pe r  s q u a r e  d e c i ­
m e t e r  p e r  d a y  (mdd) i s  u s e d  i n  t h e  l i t e r a t u r e ,  b u t  t h i s  
e x p r e s s i o n  h a s  t h e  d i s a d v a n t a g e  o f  n o t  g i v i n g  a c o n n o t a t i o n  
o f  c o r r o s i o n  p e n e t r a t i o n .  C o r r o s i o n  r a t e  e x p r e s s e d  a s  m i l l s  
p e r  y e a r ,  d o e s  have  a  c o n n o t a t i o n  o f  d e p t h  o f  p e n e t r a t i o n  
p e r  u n i t  t i m e ,  and  i t s  d i m e n s i o n s  a r e  e a s y  t o  u n d e r s t a n d .
T h i s  e x p r e s s i o n  i s ,  p e r h a p s ,  t h e  most  p o p u l a r  t e r m  u s e d  
t o  e x p r e s s  c o r r o s i o n  r a t e .  The c o n v e r s i o n  o f  w e ig h t  l o s s  
p e r  u n i t  t i m e  t o  m i l s  p e r  y e a r  (mpy) i s  shown a s  f o l o w s :
gm l o s s  24 h r  365days  l b s  1 1 1 0 0 0  m i l s
=  X   x    X  X -----------  X -------  X----------
py 48 h r  d a y  y r  4 5 3 .5 9  g 0 . 28901b a i n .
i n . 3
C a n c e l  u n i t s  and  s i m p l i f y  t o  g i v e  t h e  f o l l o w i n g  e x p r e s s i o n :
A w
mPy = 1392 .2  ---------
A
w here  AW i s  w e i g h t  l o s s  i n  g ram s .
A i s  s u r f a c e  a r e a  i n  Sq .  i n .
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A ppend ix  I I I : Huey T e s t  S p e c i f i c a t i o n s
The f o l l o w i n g  e x c e r p t s  a r e  t a k e n  from ASTM A262-70 
t o  show t h e  sc o p e  o f  s p e c i f i c a t i o n s  o f  t h e  c o r r o s i o n  t e s t ­
i n g  p r o c e d u r e .  The recommended p r a c t i c e  d e s c r i b e s  t h e  
p r o c e d u r e  f o r  c o n d u c t i n g  t h e  b o i l i n g  n i t r i c  a c i d  t e s t  and 
i s  employed t o  m e a su re  t h e  s u s c e p t i b i l i t y  o f  a u s t e n i t i c  
s t a i n l e s s  s t e e l s  t o  i n t e r g r a n u i a r  a t t a c k .  The p r e s e n c e  o r  
a b s e n c e  o f  i n t e r g r a n u i a r  c o r r o s i o n  a s  d e t e r m i n e d  by t h e  t e s t  
i s  n o t  a  m e a su re  o f  t h e  p e r f o r m a n c e  o f  t h e  m a t e r i a l  i n  
o t h e r  c o r r o s i v e  e n v i r o n m e n t s .
S c o p e :
( a )  ’’The b o i l i n g  n i t r i c  a c i d  t e s t  may be u s e d
t o  e v a l u a t e  t h e  h e a t  t r e a t m e n t  a c c o r d e d  
a s - r e c e i v e d  m a t e r i a l .  I t  i s  a l s o  som etim es  
u s e d  t o  c h ec k  t h e  e f f e c t i v e n e s s  o f  s t a b i l ­
i z i n g  e l e m e n t s  and o f  r e d u c t i o n s  i n  c a rb o n  
c o n t e n t  i n  p r e v e n t i n g  s u s c e p t i b i l i t y  t o  
r a p i d  i n t e r g r a n u i a r  a t t a c k . ”
( b )  ’’Spec im en s  o f  e x t r a - l o w  c a r b o n  g r a d e s  and
o f  s t a b i l i z e d  g r a d e s  a r e  u s u a l l y  t e s t e d  
a f t e r  s e n s i t i z i n g  h e a t  t r e a t m e n t s  a t  
1200 t o  1250F,  w hich  i s  t h e  r a n g e  o f  max­
imum c a r b i d e  p r e c i p i t a t i o n .  The l e n g t h  o f  
t i m e  u s e d  f o r  t h i s  s e n s i t i z i n g  t r e a t m e n t  
d e t e r m i n e s  t h e  maximum p e r m i s s i b l e  c o r ­
r o s i o n  r a t e  i n  t h e  n i t r i c  a c i d  t e s t .  (A 
t y p i c a l  s e n s i t i z i n g  t r e a t m e n t  i s  1  h r  
a t  1250F) . ”
R a p id  S c r e e n i n g  T e s t s
T h i s  t e s t  i s  g i v e n  t o  c e r t a i n  g r a d e s  o f  s t e e l  p r i o r  
t o  Huey t e s t i n g  so  a s  t o  e s t a b l i s h  t h e  s u s c e p t i b i l i t y  t o  
i n t e r g r a n u i a r  c o r r o s i o n .  P r a c t i c e  A, O x a l i c  Acid  E tch
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S t r u c t u r e s  d e f i n e s  t h i s  t e s t .
Equipment
( a )  ”O n e - l i t e r  E r le n m e y e r  f l a s k s  e q u ip p e d  w i t h
c o l d - f i n g e r  t y p e  c o n d e n s e r s  a r e  r ecom m ended ."
( b )  ’’Spec im ens  a r e  s u p p o r t e d  on g l a s s  c r a d l e s
so  t h a t  a  maximum o f  e x p o s u r e  o f  s u r f a c e  
a r e a  i s  m a d e . ” H e a t e r s  may be a n y  s o u r c e  
t h a t  w i l l  p r o v i d e  e v e n ,  b o i l i n g  t e m p e r ­
a t u r e s  t h r o u g h o u t  t h e  t e s t  p e r i o d .
( c )  ’’A n a l y t i c  b a l a n c e s  c a p a b l e  o f  w e ig h in g
t o  0 . 0 0 1  gram” .
N i t r i c  A c id  T e s t  S o l u t i o n
( a )  ’’The t e s t  s o l u t i o n  s h a l l  be 65± 0 .2  w e ig h t
p e r c e n t  n i t r i c  a c i d .  T h i s  s o l u t i o n  may be 
p r e p a r e d  by a d d i n g  d i s t i l l e d  w a t e r  t o  c o n ­
c e n t r a t e d  a c i d  ( r e a g e n t  g r a d e  HNOo, Sp Gr 1 . 4 2 )  
a t  t h e  r a t e  o f  108 ml o f  d i s t i l l e d  w a t e r  p e r  
l i t e r  o f  c o n c e n t r a t e d  n i t r i c  a c i d . ”
P r e p a r a t i o n  o f  T e s t  Spec im ens
( a )  ’’N o r m a l ly ,  t h e  maximum c o n v e n i e n t  w e ig h t
o f  sp e c im e n s  i s  a b o u t  lO O gram s .”
( b )  ’’A l l  s u r f a c e s  o f  t h e  s p e c im e n ,  i n c l u d i n g
e d g e s ,  s h o u l d  be f i n i s h e d  u s i n g  No. 80 
o r  d r y  No. 120 g r i t  a b r a s i v e  p a p e r .  I f  
d r y  a b r a s i v e  p a p e r  i s  u s e d ,  p o l i s h  s l o w l y  
t o  a v o i d  o v e r h e a t i n g .  Sand b l a s t i n g  
s h o u l d  n o t  be u s e d . ”
( c )  ’’The i n t e n t  i s  t o  t e s t  a  sp e c im en  r e p r e s e n t ­
i n g  a s  n e a r l y  a s  p o s s i b l e  t h e  s u r f a c e  o f  t h e  
m a t e r i a l  a s  i t  w i l l  be u s e d  i n  s e r v i c e .  Only 
s u c h  s u r f a c e  m a c h in i n g  s h o u l d  be p e r f o r m e d  
a s  i s  r e q u i r e d  t o  remove f o r e i g n  m a t e r i a l  
and  o b t a i n  a  s t a n d a r d  u n i f o r m  f i n i s h . ”
( d )  ’’S pec im ens  c o n t a i n i n g  w e lds  s h o u l d  be c u t
so  t h a t  no more t h a n  h i n  w i d t h  o f  b a se  m e t a l  
i s  i n c l u d e d  on e i t h e r  s i d e  o f  t h e  w e l d . ”
( e )  "The sp e c im en  s h o u l d  be m e a su re d  i n c l u d i n g
t h e  i n n e r  s u r f a c e s  o f  any  h o l e s  and t h e  t o t a l  
e x p o sed  a r e a  c a l c u l a t e d . ”
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( f )  ”The sp e c im e n  s h o u l d  be d e g r e a s e d  and d r i e d
u s i n g  s u i t a b l e  n o n c h l o r i n a t e d  a g e n t s ,  s u c h  
a s  s o a p  and  a c e t o n e ,  and  t h e n  w e ighed  t o  
t h e  n e a r e s t  0 . 0 0 1  gram.
( g )  ”I t  i s  common p r a c t i c e  t o  t e s t  o n l y  one
sp e c im en  o f  each  m a t e r i a l  o r  l o t  o f  m a t ­
e r i a l ,  a s  d e f i n e d  by t h o s e  u s i n g  t h e  t e s t  
f o r  s p e c i f i c a t i o n  p u r p o s e s .  However, t h e  
u s e  o f  a t  l e a s t  two s p e c im e n s  f o r  c h eck  p u r ­
p o s e s  i s  recom m ended .”
P r o c e d u r e
( a )  "A s u f f i c i e n t  q u a n t i t y  o f  n i t r i c  a c i d  t e s t
s o l u t i o n  s h o u l d  be u s e d  t o  c o v e r  t h e  s p e c i ­
m ens .  N o r m a l ly  a volume o f  600 ml i s  u s e d . ”
( b )  ’’The b e s t  p r a c t i c e  i s  t o  u s e  a s e p a r a t e  c o n ­
t a i n e r  f o r  e a c h  t e s t  s p e c i m e n . ”
( c )  ”A f t e r  t h e  sp e c im en s  have  b een  p l a c e d  i n
t h e  a c i d  i n  t h e  c o n t a i n e r ,  c o o l i n g  w a t e r  
s h o u l d  be p a s s e d  t h r o u g h  t h e  c o n d e n s e r  and  
t h e  a c i d  b r o u g h t  t o  a b o i l  on t h e  h o t  p l a t e  
and  t h e n  k e p t  b o i l i n g  t h r o u g h o u t  t h e  t e s t  
p e r i o d .  A f t e r  each  t e s t  p e r i o d ,  t h e  s p e c ­
imen s h o u l d  be r i n s e d  w i t h  w a t e r  and t r e a t ­
ed by s c r u b b i n g  w i t h  r u b b e r  o r  a n y lo n  
b r u s h  t o  remove any  a d h e r i n g  c o r r o s i o n  
p r o d u c t s ,  a f t e r  which  t h e y  s h o u l d  be d r i e d  
and  w e i g h e d . ”
( d )  ” For  most  c o n s i s t a n t  r e s u l t s ,  t h e  t e s t
s h o u l d  c o n s i s t  o f  f i v e  b o i l i n g  p e r i o d s  
o f  48 h r  e ach  w i t h  f r e s h  s o l u t i o n  b e i n g  
u s e d  i n  e ac h  p e r i o d .
C a l c u l a t i o n s
”The e f f e c t  o f  t h e  a c i d  s h a l l  be m e a su re d  
by d e t e r m i n i n g  t h e  l o s s  o f  w e ig h t  o f  t h e  
sp e c im en  a f t e r  each  t e s t  p e r i o d  and  f o r  
t h e  t o t a l  o f  t h e  t e s t  p e r i o d s . ”
The c o r r o s i o n  r a t e  i s  c a l c u l a t e d  and  r e p o r t e d  
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